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I .  INTRODUCTION 


This  semi-annual  teclinicai  report  on  the  research 
program  entitled  "Long  Range  Materials  Research,"  covers 
the  period  June  1,  1974  through  December  33,  1974.  This 
program  is  composed  of  four  separate  programs  as  follows: 

1.  Detection  of  X-Ray  Radiation 

2.  Superplasticity  and  Warm  Working,  of  Metals 
and  Alloys 

3.  Synthesis  of  New  Types  of  Catalyst  Materials 

4.  Development  of  Elevated  Temperature  Electro- 
crystallization  Techniques 

Progress  in  each  of  the  subareas  during  this  report 
period  will  be  described  separately  In  the  succeeding 
sections  of  this  report. 


II.  DETECTION  OF  X-RADIATION 


C.  W.  Bates,  Jr. 

Associate  Professor  of  Materials  Science 
and  Engineering 
and  Electrical  Engineering 


II.  DETECTION  OF  X-RADIATION 


1.  Introduction 

The  work  in  our  laboratory  is  aimed  at  determining  the  physics  of  the 
luminescence  phenomena  associated  with  activated  and  unactlvated  alkali  halide 
crystals  which  are  used  as  particle  detectors  in  high  energy  physlcs^~^  x-ray 
-sensors  in  astronomical  observations^ ° and  in  the  medical  field  in  x-ray  image 
Intensifiers  used  in  diagnostic  radiology^^  Our  work  Is  currently  concentra- 
ted on  unraveling  the  luminescent  mechanism  in  Csl(Na) , at  present  the  most 
efficient  alkali  x-ray  converter  (x-ray  photons  to  blue  light  photons).  During 
this  report  period  we  feel  that  we  have  made  a significant  breakthrough  In 
determining  certain  aspects  of  this  mechanism. 

Optical  Properties  of  Csl  and  CsT(N«l 

Initially  it  was  felt  that  there  was  a fundamental  luminescence  at:  room 
temperature  associated  with  pure  Csl.  However  as  higher  purity  materials  be- 
came available,  It  became  obvious  that  this  lumine  icenc-  could  be  associated 
with  trace  Impurltltes  such  as  thallium  or  sodium  or  that  the  crystal  had  been 
deformed  or  strained  in  some  fashion.  The  work  of  Towyama^^  has  sho.,m  that 
there  is  a luminescence  peaking  at  300  and  415  nm  upon  excitation  by  beta  rays 
it  specimens  of  Csl  which  have  been  heated  In  air  at  500°C  for  one  half  an 
hour  and  then  quenched  on  an  aluminum  plate  to  room  temperature. 

A question  that  arises  in  connection  with  tl.is  work  Is  the  amount  of 
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impurities  in  the  specimens  used.  Towyama  states  that  the  crystals  were  pre- 
pared by  the  vacuum  Bridgman  method  without  subsequent  refining.  Further,  his 
emission  spectra  at  room  and  liquid  nitrogen  temperatures  look  suspicloucly 
like  the  spectra  we  nave  obtained  for  films  of  CsI(Na)  prepared  under  various 
conditions,  such  as  mole  percent  of  sodium  and  heat  treatment  after  the  film 
has  been  evaporated  onto  suprasil-quartz  substrates.  We  have  examined  "re- 
search pure"  crystals  of  Csl  from  the  Harshaw  Chemical  Company  which  they  pre- 
pare by  a proprietary  process.  They  examine  3"  to  4"  thick  specimens  of  this 

1 

material  in  emission  spectroscopy  to  check  for  impurities  and  find  none.  Dr. 

Carl  Swinehart  of  Harshaw  informs  me  that  these  are  the  purest  crystals  of 
Csl  that  he  has  ever  examined.  We  examined  three  of  these  crystals  0/2"  x 1/2" 

X 2mm)  and  found  no  emission  at  room  temperature  from  two  of  them  and  a very 
weak  emission  from  the  third  one  which  was  just  above  the  noise  level  with  our  ’ 

excitation  and  emission  apparatus  adjusted  for  maximum  sensitivity.  A differ- 
ence in  the  handling  of  these  three  crystals  could  have  produced  this  result. 

However  one  can  begin  to  say  with  some  assurance  that  tlierc  is  no  (very  little) 

I ' 

room  temperature  luminescence  from  Csl. 

CsI(Na)  on  the  other  hand  has  a room  temperature  emission  with  A at  i 

425  nm  with  a narrow  excitation  band  centered  at  252  nm.  That  this  is  the  only 

emission  was  checked  by  looking  for  different  excitation  spectra  for  waveltngths 

0 

under  the  emission  curve  with  X at  4250  A.  None  was  found.  At  liquid  nltro- 

max 

gen  temperature  an  emission  at  340  nm  appears  which  is  most  efficiently  excited 

I 

in  the  excltonic  region  around  215  nm,  the  emission  at  425  nm  being  considerably 
reduced  over  that  at  room  temperature.  Upon  heating  the  "research  pure"  Csl  to 
500°C  in  dry  nitrogen  and  cooling  to  room  temperature  in  about  8 hours  we  were 

■3 

al)1e  to  reproduce  tlie  excitation  and  emission  spectra  fur  Csl  (Na)  at  room  nnd  . 5 
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is  430  nm  instead  of 


liquid  nitrogen  temperatures  very  closely  i.e.,  A 

max 

425  nm  and  the  excitation  spectrum  has  its  maximum  at  245  instead  of  252  nm. 

At  liquid  nitrogen  temperatures  the  340  nm  emission  is  excited  most  effi- 
ciently at  220  Instead  of  215  nm.  Unlike  Towyama  we  did  not  have  any  emis- 
sion at  300  nm  at  room  temperature.  The  spectra  are  the  same  as  regards 
shape  and  intensity  for  measurements  made  on  equally  thick  samples  (2mm).  The 
"research  pure"  Csl  spectra  was  slightly  broader. 

Our  heat  treatment  of  the  "research  pure"  Csl  cannot  be  considered  an 
* 

annealing  process  . We  must  then  assume  that  our  treatment  resulted  in  the 

production  of  a large  number  of  vacancies.  The  suggestion  then  follows  tliat 

sodium  in  Csl  introduces  vacancies.  To  the  best  of  our  knowledge  this  is  the 

first  'experiment  to  demonstrate  this  effect  in  this  manner.  Other  treatments 
1 X A 

* have  drawn  the  analogy  with  Csl  doped  with  divalent  cations  which  exhi- 
hit  similar  but  not  identical  luminescence.  These  divalent  cations  must  Intro- 
duce alkali  cation  vacancies  for  charge  neutrality.  The  addition  of  divalent 
cations  to  Csl  is  difficult  and  involves  the  risk  of  contamination.  Our  re- 
sults have  involved  only  the  use  of  ultra  pure  Csl  wltliout  the  addition  of  any 
Impurities  and  we  have  reproduced  the  CsI(Na)  spectra  as  regards  shape  inten- 
sity and  temperature  dependence  of  the  emission  at  425  nm.  The  differences  ob- 
tained with  the  divalent  cations  from  that  with  sodium  are  to  be  expected  as  in 
order  to  get  any  effect  we  must  have  on  the  order  of  200  ppm  of  divalent  impur- 
ities, whereas  with  the  sodium  6 ppm  is  optimum. 


* To  properly  anneal  Csl  one  raises  the  temparature  1 degree  per  liour  from  room 
temperature  to  500°C  and  then  lowers  the  temperature  to  room  temperature  at 
the  same  rate.  We  are  grateful  to  Ur.  Swlnehari  for  conveying  this  Infonnn- 
tJon  to  us. 
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A . Development:  Of  Superplastic  Ultra-HiRli-Carbon  St eel^  hy  Special  Thermal 
Mechanical  Processing 

Oleg  U.  Sherby,  Hruno  Walser,  Conrad  M.  Young  and  Kldon  M.  Cady 

1 • ' Ik kkkP 

For  many  applications,  the  ideal  structural  metallic  material  needs  the 
following  qualities  for  its  fabrication,  application  and  extensive  use.  During 
fabrication  it  should  be  capable  of  deforming  to  large  strains  witliout  cracking 
and  under  small  externally  applied  forces  for  minimum  expenditure  of  energy. 

For  final  use  as  a structural  material  it  should  be  strong,  tough  and  pos.sess 
high  ductility.  The  third  important  requirement  is  tliat  it  should  he  i m-.vpen- 
sive.  Such  a combination  of  properties  is  not  genemllv  acli  1 1 vaMe  in  most 
metallic  systems  and  it  Is  the  objeci  1 v(‘  of  tin*  mati'rlals  scientist  anti  enj'.lneer 
to  reach  such  utopian  jsials.  Wt'  have  ohtainetl  the  above  soup.ht  for  propiu  i ie.s 
In  ordluarv  steels  containing,  carhon  as  the  only  principal  alloving,  elemeni; 

<)Lhcr  e IcMiituit  s like  manganese',  .sllltarn,  ;nitl  sulfur  are  pies(>ni  ,ii  the  s.ime  coti- 
centration  as  in  scrap  steel.  We  found  the  desired  properi  I os  bv  adding,  a 
higher  carbon  contetnt  (1.3  to  2.3%C)  than  is  normally  used  ( ndustr  i a 1 1 v for  making 
olnin  carbon  steels  and  we  have  developed  unusual  and  special  processing,  opt'rat  Ions 
to  obtain  the  desired  final  mi  cro.strueture . 

Steels  containing  1.1  to  2.3%  carhon  have  rarely,  11  ever,  been  eousidered 
for  broad  industrial  appl  Ic.itious.  Such  steels  would  bt'  c I ,iss  i f i t-d  botwinni  what 
is  known  ;is  high  carbon  steel  (■  1 . 1 %(!)  and  cast  Iran  (•  l./'/.h).  Normal  I y thev 

are  considered  as  polentiallv  t (jo  biillli'  for  ambient  t eiiipera  I u i r .ipii  I 1 ea  t I on 
and  llieir  high  temperature  charac  tei  Lst  i cs  apparently  have  not  been  explored. 

It  is  steels  in  tliis  very  composition  range  that  we  havi>  made  supe  rp  1 as  i I e at 
warm  temperatures  (0.4  to  0.6T  where  T is  the  absolute  melting  t empe  r.i  t n re) 

mm  f’  I 
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and  strong  and  ductile  at  room  temperature. 


The  concept  of  adding  large  amounts  of  carbon,  in  tiie  form  of  cementite,  to 
steel  and  the  development  of  special  thermal-mechanical  process. ng  procedures 
towards  the  attainment  of  uniqu * properties  and  mici ostnic ture  were  conceived  and 
developed  by  us  at  Stanford.  We  wish  to  point  out,  however,  that  the  special 
structures  we  have  created  may  possibly  have  been  produced,  perhaps  accidentally, 
over  1000  years  ago.  The  damasciis  steels  of  ancienl  I’ersia  and  India,  also  called 
biilat  steels,  are  known  to  have*  liigh  carbon  contents,  commonly  1.5  to  2.0%  carbon. 
The  high  quality  oi  these  steels  is  well  established.  Tlu'ir  manufacture,  however, 
appears  to  he  a forgotten  art  and  there  is  considerable  uncertainty  with  regard  lo 
the  origin  of  thr  "damask"  or  "watering"  structure  observed  visual Iv  on  l lu*  surlace 
of  damascus  blades  and  .swords.  Many  of  the  early  im  t a 1 lu rg i s t s specula!  eil  in  dci'th 
on  the  possible  relation  of  the  visual  .structure*  obiaiiu*d  to  the  c*or  respond  i ng  nii*cli- 
anii'al  properties.  Much  speculation  centered  on  the  ))osslble  importance  of  nx'lling, 
procedure,  rate  of  cooling,  purity  content  and  mecli.inlcal  treatment  on  the  resulting, 
properties  and  structure;  apparently  the  only  common  point  of  .igreciiicnl  on  the  pie- 
recpiisltes  for  a good  lilade  or  sword  was  that  the  c.irbon  i-ontent  should  he  high. 
Smith  and  belaiew^*’^^  cover  the  controversy  on  Lheue  steels  in  detail.  We  wonlil 
like  to  relate  the  lolhjwing  rc*markahl  e historical  ilocnment  .it  i on  on  damascus  (hul.ii'i 
steels.  P.  Anasov,  a ma.jor-genei  al  in  Liu*  Russian  Army  ami  sigier  i iit  ciulen  t of  i lu* 
Zlatoust  Steel  Works  in  the  Ural  mountains,  devoted  his  whole  1 i fi^  to  trving,  lo 
understand  how  bulat  steels  were  made  Iv’  the  Persians  and  Indians.  lU*  wroie  a 
treatise  on  this  snb.iect,  apparently  a life-time  study,  entitled  "On  the  H.ilal", 
in  184P  ' . Ills  enthusiasm  for  such  high  carbon  steels  prompted  him  to  lor(*c.isl 
lhal  our  .ig.i  i cii  I I III  a I laborers  will  till  the  soil  with  daniaseene  p 1 ooj'.hsha  re;; , 

oiii  .III  l■;.u^;  will  ica-  lool.s  I .ash  I oiled  of  d;imar:eene  I ee  I . and  (lain.isceue  si  eel  will 
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supersede  all  steel  now  employed  for  the  manufacture  of  articles  of  special 

hardness  and  endurance".  Apparently  his  enthusiasm  for  such  steels  was  no, 

shared  by  contemporary  steel  industry  for  no  new  ultra  high  carbon  steelt 

seemed  to  have  appeared  on  the  technological  .scene,  at  least  not  in  larg.. 

quantity.  It  is,  thus,  with  .^ome  trepidity  that  we  share  .Xnasov’s  enthusiasm 

of  O cc«ury  aod  a quarter  ago''').  Perhapa  our  new  rindlngs,  base, I „„  „„r 

ability  to  control  the  microstructure  and  based  on  „ur  understanding  of 

■leformatlon  mochnnisma  and  processes  at  cleva.ed  and  low  temperatures,  will 

lead  a permauent  use  (or  ultra  high  carbon  steel,,  for  ..any  , eehnoi  oglca  I 

applications.  The  following  is  a description  of  our  result.s  wlilell  l.s  |„  be 

the  base,  of  a patent  that  we  have  snbmltted  to  the  pateul  office  at  Stanlord 
Uni versity. 

2.  ^<P>iaifast^city 

Our  motivotion  for  eon.sldering  ulLrn  high  carbon  contents  In  steels  was 
primarily  to  Increase  lt.s  ea.se  of  form.ablllty  at  warm  1 emperatures,  Pe.searcl, 

on  model  alloy  ,y„, „,e  generally 

'■•■e,l,.d  for  Miperpiaslle  behavior  and  l.lgl,  formablll.y  a,  , empera,  nres. 

These  arc:  fine  stable  grains  with  ednlaaed  sljucture  a„,l  two  phn.ses  with  each 
phase  havluB  about  the  »:,me  strength  at  the  working  I emp.ral  ure  (geu.-raM,  ahem 
10  to  50  volume  percent  of  second  pha.se).  It  Is  on,  comeutlon  that  Ih.ou.  , rl 
bates  exist  in  hypereuteetold  steels  If  one  is  able  ■ preduce  the  .seen, I phase 


(cementite)  in  fine  spheroldl zed  form.  s„ch  fine  sphere  Id  I zed  stroclun-s  Imve 


.(7,8) 


beun  developed  for  ,a  ontcc.toid  compo.sillon  steel  (0.  8ZC)  and  some  re.searclie rs 
huve  attributed  snperplastlc  behavior  to  it.  We  do  not  concur  with  this  conclusion 
slu<-e  only  ahon,  I OO:!;  elongation  was  observed  In  slow  rate  tension  tests.  Wo  have 
.il»o  worked  extensively  whl,  sneh  carl.on  steels  and  have  no,  been  able  to  make  I, 
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a 


.superplasiLc^^’lO).  We  define  a material  as  superp  I a.st  :1  .•  if  the  strain  rate 
sensitivity  exponent,  m,  in  the  relation  a = K*™,  (o  is  the  flow  stress,  t*  is 
the  strain  rate  and  K is  a material  eonstant)  is  equal  to  or  greater  than  0.4 
nnd  elongations  in  the  order  of  500%  are  achieved.  We  helleve  that  one 
reason  why  a eatectoid  composition  steel  cannot  rea.lily  l,e  made  .soperplast  I c is 
due  to  the  ease  of  grain  growth  at  w ,rm  temperature:;  (i.e.  at  temperatures 
around  650°C).  It  is  well  established  that  the  tendency  for  superplastic  How 
diminishes  with  an  incre.ise  in  grain  sixe.  'fluis  grain  growth  inhibits  .super- 
Pl-'sticity.  A eutectoid  composition  steel  cutains  cboul  12  volume  percent 

^■•cuerally,  superpl.astlci.v  Is  enhanced  when  , h.  volume  icacllou  ol 
^^—uul  phase  IS  increased.  This  is  partly  be.  a.ise  nmic  growth  Is  made  more 
dilHcult  and  partis  because  more  pha.se  boundaries  ar..  iut  educed  an.l  these  can 
contribute  to  plastic  low  by  grain  boundary  shearing,  a mode  of  defonnal  l.iu  which 
apparently  dominates  the  superplastic  flow  process.  Our  new  Idea  was  to  work  with 
steels  containing  1.3%  to  1.9%  (20  to  29  volume  percent  .ementUe)  and  we  have  been 
able  to  prepare  material  containing  one  micron  size  grains  which  remain  fine  during 
plastic  flow  at  warm  temperatures.  .Such  materials  exhibit  high  values  of  the  strain 
rate  sensitivity  exponent,  m.  in  the  order  or  0.4.  and  elongalions  approa.Iung  500% 
wh..,.  tested  l.igh  in  the  l.-rril..  range  (650°C,  T = . Su.d,  elongatl..ns  w..,-.. 

■'<lil''ved  In  tests  i.erl.miied  .at  strain  rales  .is  high  .as  It)  per  minnt.’. 

hev.T.al  imol.ods  (d  .leveloping  I I n.'  st  ni.’ t nr  es  w I M h.'  d.'sc , I b.al  lalei.  The 
line  spheroid  I zed  structur.^s  attalnahie  lu  ultra  hi'.h  caihou  si  ..els,  hv  our  speci.illv 
developed  processing  meLl.ods  are  illu:strated  in  Fig,, re  I.  As  can  !,.•  s.vn  tlu- 
massive  cementlte  pha.se  present  in  the  original  castings  is  broken  up  hv  extensive 
working  of  the  steels  at  warm  temperatures.  An  example  illustrating  the  snper- 
plnstic  behavior  of  the  ultra  high  carbon  .steels,  whcui  in  fine  sphere  i d i ze.l  form. 


ou|-  spec  1. 1 I I V 
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AS- CAST 


AFTER  WARM  WORKING 


1.9  % CARBON  STEEL 


AS  - CAST 


AFTER  WARM  WORKING 


Figure  1.  The  above  carbon  replica  electron  photori!icrogra])hs 
influence  of  warm  working  on  the  breakup  of  the  original  massi 
particle.a  in  cast  ultra-high  carbon  steels  (left  photoinicrogra 
warm  v.'orking  yielded  a fully  spheroidi?.ed  structure  in  the  1.6 
(upper  right).  Considerabie  refinement  of  the  structure  also 
1.9%  carbon  steel  (lower  right)  by  warm  working  but  because  it 
tensively  worked  some  ceraentite  plates  are  still  present. 


ib  shown  in  I'inuro  2.  As  can  be  seen  Lliese  steels  i-xliihit  very  lii)’Ii  duel  i lit  v 
at  h50°C.  An  example  of  n 1 . 9%C  steel  twisted  rapidly  (in  I seconds)  nl  f,50°C 
is  shown  in  l-igure  3,  revealing  uniform  plastic  flov;  witli  no  f rae  1 nr  i ng, . Sncli 
behavior  would  suggest  that  superplastic- like  deformation  median  isms  are  taking, 
place  in  these  ultra  higli  carbon  steels.  We  have  examined  the  mi crosi  nic t n re  of 
our  material  after  extensive  plastic  flow  and  have  found  that  the  grain  size 
remains  fine  and  equiaxed.  An  example  for  tlie  l.97j:  steel,  using  transmission 
electron  inicroscopv.  Is  sliown  in  Figure  4,  wliere  it  can  he  seen  tliat  the  g.r.iin 
size  ol  tile  lerrii.e  m.itrix  is  eqiilaxisl  au<l  e(|iial  to  about  2 microns.  The  bulbous 
nature  ol  the  cementlle  particles  Is  reflective  of  i he  high  .legree  ol  mobllliy  <d 
this  phase  at  650°(;  allowing  It  to  a.-coniodate  to  the  large  ihatige  in  sample 
geometry  from  plastic  straining.  Siudi  l)ohavior  Is  lypical  of  superp  1 asi  i c two 
phasr.  alloys  . It  is  our  belief  that  the  presence  of  manganese  and  other 
impurities  (e.g.,  silicon)  at  tlie  levels  common  to  'Oinmeicial  steels  assist  t he 
spheroidized  cementito  in  maintainiu);  the  fine  graii  sim  of  the  Iron  and  thus 
its  superplastic  |)roperties. 

We  were  not  alih-  to  aclileve  ni  values  as  liigh  i o '>  in  i i,..  i ..-.-it  . ■ 

r.ingc  ol  I emper.ii  III  fs,  a value  g.eiieially  .issoc  1 a t ed  with  petfeci  supe  rp  I ,e:  i I e 

I'ehavlor.  This  su)p-esi  <-d  ih.il  we  had  not  (|iille  opiimize.l  eilhei  om  m i .•  i , is  I i ue  t u i e 

Ol  our  comlltloiis  ol  test  ing.  We  knew  lli.it  .iiiotlier  impoii.int  variable  in  siipri 
pI.isLlcity  ol  two  |)hasc  metallic  systenis  is  the  rel  ii  i ve  si  reiig.l  h ol  e.i.li  ol  i hr 

two  pliases.  If  the  second  plia.se  (cement  i le  In  our  is  li.inl  ilie  m.iieiial  will 

not  be  superplastic.  'I'lie  strengths  of  the  two  phas.'s  should  he  nearly  the  s.uiie 
at  tlie  temperature  where  superplastic  flow  is  to  ociir^^V  Tlie  hardness  id 
cenieiUite  is  not  known  as  ;i  function  of  temperature  hut  we  know  it  Is  re.idily 
delonn.ible  ,ii  f,h()”(;.  We  speculated  that  cement  iLe  m.iv  he  snniewli.it  harder  lli.aii 
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w of  ultra  high  carbon  steels  at  650°C,  deformed 
te  of  1%  per  minute. 
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1.9%  carbon  steel:  warm 
rolled  to  o plate  at 

650°C(1200°F),  then 
twisted  at  650°C(1200° 


Figure  3.  The  above  photograph  Illustrates  the  ease  of  twisting  a sample  of 
superplastic  1.9%  carbon  steel  at  650°C. 


'A 


M\ 


/ 


Figure  4.  Transmission  electron  micrograph  of  spheroidized  1.9%C  steel 
after  100%  elongation  at  650”C,  deformevs  at  1%  per  minute.  The  fine 
equia..jd  grain  size  of  about  Zpm  and  the  bulbous  shape  of  the  cementite 
is  typical  of  supcrplastically  deformed  microstructures. 


the  ferrite  matrix  at  65l)”C  aad  decided  u,  st.idy  the  meehaelcal  heha»l„r  ,,l  „„r 

t.ltra  high  carbon  eteele  at  800“C.  At  thle  t,m,per„,  are , iron  hae  trane,  ormed  to 

austenite  wltli  a strength  about  equal  to  ferrite  at  6Sn“(^^*Vf 

eiiiLe  aL  O’)!)  The  cementUe  phase, 

however,  should  be  considerablv  weaker  due  -n  m i r.- 

Di.  weaker  due  cO  tl.e  normal  efleft  of  temperature  on 

etrength.  The  grain  alee  of  the  tranaformed  austenite  should  be  very  fine  an.l 
there  should  be  sufficient  cementlte  remalnln,..  to  stabilise  the  grains  dnring 
.suptrplastli  flew.  i|,e  volume  fraction  of  cemeiitite  at  HOO'C  nee.l  nni  be  ns  l,lg|, 
ns  at  650“C  because  grain  growth  Is  inhibited  In  austenlle  by  the  low  rate  ol  iron 
self-diffusion  in  the  close  packed  face-centered  ruble  structure*’').  As  we  ex- 
pected. our  ultra  high  carbon  s,  eels  exhibit  superp I „st i , i , y , he  ga,-.,-,  omen, I , e 
range  at  (T  = O.bT,,,  „ „ 

no  engiueerlug  s,r.„„  ,.„r  miuute 

Wf  were  ,iblo  to  obtain  tcnsllo  elongations  up  to  171))?,. 

‘''•■■i  Ml'ra  high  carbon  sieels  be 

exceptionally  lormable  a,  warm  temperatores.  These  steels  ran  be  worked  exleu-lvel, 
(and  „„r  rolling  experiments  reveal  this  clearly)  i , the  lerrlle  pins  remeui I te 
range  (600  to  720”C,  and  even  as  low  as  500“C).  Sh.ping  ar  .such  tempera, „re»  has 
the  added  .advantage  that  very  little  oxidation  ocrurs  dnring  working  wiib  very 
Ht.lr  buildup  of  an  oxide  .scale.  Shaping  of  our  nitru  high  earbun  steels  low  i„ 

the  n.,mma  plus  reme.u  I range  (720  to  h00”C)  la  sliglitly  more  .ulv.-tu I es,,,.- 

auuiaetute  complex  sic sluee  ,,  Is  nearly  .u„,e,- 

"■™l-‘oa,ur..  Is  higher,  however,  whieh  l.suls  |„,,„e, 

■snrr.tre  oxidaiiou  ,„t  well  as  |„  a.I.led  expense  lu  heal  i„g. 

■i.  I)eycjiq3mc-nt  cl  Uh.rn  Kino  liciulaxod  StnuM.rt^ 

An  e.,,seu,i.sl  Tea, ore  soperp,  .as,  I . malerlals  Is  il.ai  they  e.l,ll,ll  oil, a 
fine  e,|uiaxe,l  stnu  tnre  will,  grain  sixes  1„  .he  order  ol  one  micron.  This,  
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was  the  task  facing  us  in  our  attempt  to  develop  fine  equiaxed  structures  in  our 
ultra  liigli  carbon  steels.  Once  developed  they  are  then  ready  for  superplastic 
forming  elilier  in  tlie  ferrite  or  austenite  range  of  temperatures. 

We  have  developed  several  methods  of  obtaining  fine  spheroid i xe.l  sirnctures 
of  cementite  in  a matrix  of  fine  ferrite  grains.  /iinong  them  are  'he  following: 
njrs^Jie^hod 

In  a "first  method"  for  forming  the  ultra  high  carbon  steels  of  the  present 
invention,  a steel  plate,  billet,  or  any  ether  form  of  steel,  is  first  homogenized 
in  the  gamma  range  by  heating  to  a temperature  at  which  snhst anti  a 1 ly  all  of  tin- 
carbon  present  in  the  cementite  is  dissolved  in  the  austenite  (gamma  iron)  matrix. 

A suitable  temperature  lor  this  purpose  Is  on  the  order  of  1100  to  1150‘’(;.  gy 
relereoce  to  the  I ron-c.irbon  |ihase  diagram,  it  is  apparent  tliat  wi  tli  a carhon  eon- 
lent  In  substantial  excess  of  2%,  the  carbon  conteni  Is  too  high  to  he  completely 
dissolved  in  the  austenite.  As  defined  lierein,  homo)',en  i za  1 1 on  will  Inelnde  heating, 
a steel  with  a carbon  content  in  excess  of  2%  to  a lempeiature  high  in  the  gamma- 
ceraentite  range  (e.g.,  50°C  below  th<?  melting  point  ol  1147°r.).  The  purpose  ol 
homogenization  is  to  place  the  carbon  and  other  elements  present  into  a relat  ively 
uniform  solution.  This  assists  in  the  formation  of  a iinifonn  line  grained  Iron 
structure  after  working. 

In  a second  step  according  to  the  I I rst  method,  the  slis'l  plate  Is  then  mech- 
anically worked  In  the  gamma  range  to  break  np  tin'  . ,isi  | i ,n- 1 u re . This  Is  an 
optional  step.  As  dellinnl  lu-ri'ln,  iii.-c  lian  I ea  I working.  Im  hides  rolling,,  loij'.in)',. 
extrusion,  or  any  other  jirocediire  whi.h  snb.joets  tin-  steel  to  sniricienl  d.'l  oniiat  ion 
to  form  the  aforementioned  ml crostnictiire.  The  purpose  of  mechanical  working  in  the 
gamm.i  range  is  to  aecelerate  liomogen  izat  ion  and  refine  tlie  austenite  grains  whicli 
might  otiicrwise  Lend  to  agglomerate  .iiid  form  larger  grain  structure.  This  may 


reduce  the  requirement  for  subsoquenl  nechanlc.il  vorklnR  to  ncconpllsh  tire 
deaired  fine  I'ralned  structure  with  spheroldlzed  coiiientite. 

In  the  next  step,  th,  steel  plate  l,s  mechanically  worked  to  a »ub.stantial 
extent  durlnR  cooling  f, tough  the  gatmta-cement Ite  range.  I,  Is  preferahle  that 
such  working  be  continuous.  This  working  comminutes  the  pro-eutectold  ccmcntlte 
into  a finer  spheroidU-td  form  as  It  Is  prec.lpltated  from  solution.  Mechanical 
working  also  contributes  to  refining  further  the  austenite  grain.  The  level  of 
mech.lnical  working  varies  depending  upon  a number  ol  fnetors  ineluding  I he  prior 
processing  history  of  tl.o  steel.  A iypicj  tmtonni  ,,l  del  oni.a,  Ion  in  the  ,.,..„.„n- 
eemenrlte  range  Is  a true  strain  level  (,  ) on  the  mder  ol  |.h.  A practical 

moasnre  of  such  strain  is  the  deformation  produced  d.ring,  „ slxe  redne,  ion  of  a 
5:]  ratio, 

in  a final  .step  of  the  fir.st  method,  the  steel  is  aKoin  ined.,-m ic-a  1 ly  worked. 
n«  by  rolling,  at  a temperature  high  in  the  ferrite- eement  i i e range.  Strains  of 

thi-  foregoing  order  of  magnitude  are  employed  in  this  temperature  not  only  further 

spheroidi/.e  the  eementite  .strueture  but  also  to  . odne..  the  si.e  of  the  po.-irllte 

fV»nma-.-.l|)h;i  I rani.-l  nrm.i  t i on  . iVm|x  r.-il  n ms  emplovril  lur 

working  are  on  t h-  order  of  ■,00  to  72()d;  At  , u.wor  o„d  of  the  rang 
the  steel  ear.  possibly  attigator.  Aeeordlnglv.  1,  ,s  prel  arable  th.tt  this  meeh- 
anical  working  take  plaee  above  this  temperature  as  in  ..  range  from  600  to  72()‘’(:, 

A .steel  fonr.ed  in  aeeordanrc  with  the  foregoing  proeess  includes  an  iron 
grain  matrix  with  uniformly  di  p,  rsed  cementite.  Tire  iron  grain  is  stahilixed  In 
a predominantly  equla.xed  fine  gralne.l  configuration.  The  eementite  is  in  predom- 
inantly .spheroidixed  I on,,  at  eold  to  elevated  temperatures.  Por  economy  of 
operation  and  uniformity  of  the  mlenr.si  ructure,  it  is  prelc-rable  to  mechan  lea  J I y 

"•n.peratures  In  the  ganmia-eement  i t e range  through 
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ter.(perature,s  high  in  the  alpha-cementite  range. 

In  a "first  altarnatlve  method",  the  mechanical  working  1„  ti,,.  al,,h,,-cc,nenl  1 1 e 
range  Is  eliminated  so  that  the  prlnwiry  mechanical  working  Is  1„  the  g,,™..,-co„u..,l  1 1,- 
range.  The  result  of  this  procedure  is  as  follows,  ft, ring  mechanical  working  In 
the  ganma-cementite  range,  essentially  all  of  the  cmenMte  I.s  converted  lo  the 
■spheroldized  form.  Howev,  r,  dnrlng  transformation  of  the  iron  from  the  gamma  t„ 

■ he  alpha  form  on  eooUng,  the  austenl.e  containing  dls.soived  carhon 

is  convened  to  ferrite  pins  additional  cement  I te  In  non-. sphere  Id  I red  Ion.,  typically 

I h,i.  essentially  all  „t  the  ,<,e,„l,,. 

he  In  .sphcroldlsed  form  at  the  temperature  of  fabri.atlon  In  order  for  the  steel  to 
be  highly  plastic  at  that  temperature.  Accordingly,  at  lempernlnrcs  below  the  gamma- 
alpha  transformation  (72J"c)  the  pre.senre  of  .substtint i.al  non-sphero Idt ted  cemenllic 
greatly  reduces  the  plasticity  of  the  steel  process, si  In  accordance  will,  this 
alternative  procedure.  However,  by  heating  the  steel  to  a temperntn re  above  ihe 
alpha-gamma  transition  (721“C)  most  of  non-spheroid  i red  cemenllle  an.l  all  ol  1 1,.- 
tcouverted  to  anstenlle  Iron  dissolved  carbon  will,  ,s 

eiiialnlng  cmnenMie  l„  Ion,,,  rl,  I s i„,ii  .-t  I .,  I Is 

■■ig.ilti  rcrulfrcil  .siipiTp  I.-.si  Ic  . 

Tl.e  Ilr.sL  .•jUern.u  ive  metl.od  i.s  lo  lu>  cont  ra.st,.d  li,  Mr.  l i.s, 
the  steel  is  inerharucallv  worked  in  the  alpha-cen,e„,  1 t.  range.  In  the  l irst  n.e.hod. 
e.s.sentially  all  of  the  cementite  which  i.s  present  in  I he  si  ool  In  the  a I plia-cemiM,  1 1 le 
range  is  converted  to  spheroidi.ed  form.  That  steel,  is  superplastic  at  typical 
temperature  of  fabrication  on  either  side  of  the  gamma-alpha  conversion  (e.g. . 
600-900°C). 

We  give  an  example  i,|  M.e  type  ol  m I c ro.sl  rnc  t n re  and  ineeh.m  I en  I properties 
-'l•'■-l^ed  l.y  the  thermal  meel.an  I ea  I proce.sslng  descril.lng  as  | l.e  lirst  nieih.id.  A 
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=a«tln„  of  the  1.32C  steol  „a,  heatod  to  :r)0"C  for  6(1  „,l„„too  and  thon  was  rolls, I 
continuously,  1„  twelve  paasea,  at  102  pet  pass,  to  a true  strain  to  1.2.  slnro 
the  original  ca.stlng  cooled  during  rolling  it  experience, I .lelomat  Ion  In  tl,c  gai.a 
range  .as  well  as  gat„a  plus  cementlte  rente.  When  a temperature  of  650"C  was 
reached  It  was  rolled  isothermally  in  this  ferrite  plus  ,e,.entit,-  range  lo  an 
additional  true  strain  of  1.2  (again,  at  10%  per  pa,s).  n,e  ,„i ,. rostrn.. („te  of 
the  warm  worked  steel,  given  in  Figure  5,  revealed  a fin,  spheroldlxed  structure 
with  ferrite  grains  1„  the  order  of  one  micron  and  less.  The  room  emperamre 
Prcpcrtles  of  the  material  were  as  follows:  (1)  the  H„okw,.ll 

plate  was  V,,  .and  (2)  tensile  tests  revealed  a ylel.l  stnaigtl,  of  147  ksl,  ultimate 
tensll,.  strength  of  182  ksl  and  tensile  elongation  7?  (one  Inel,  gage  leagtl,  

reveit  sape  ,-p  I as  . i o „l,|,  4822 

■"■'-."-.1  at  a p, 

ni  i mi  I (! . 

SecoiKj  Method 

In  a "second  method",  the  steel  is  treated  In  .,  manner  similar  u.  the  firs, 
method  Including  homogenisation  In  the  g.a,«„a  range  .,n,l  mts-haa  i ca  1 working  in  tin 

gamma-eementite  range.  The  details  of  these  pro,-, ..lores  are  Incerperated  ,.t  

point  hy  reference.  Thereafter,  at  a tempcralare  l.,u  l„  the  rang,., 

(e.g.,  750-850M),  the  sleel  pl.ate  Is  rolled  1 eothtoi,,,,  1 1 , ,o  r„„„  „ f,  i,„.d 

iron.  Since  this  steel  is  highly  p|.,stl,-  at  snei,  tern a u 

ex  enslvely  wlthont  cracking.  There., Iter,  the  steel  mav  he  pro 

eonventlonal  techniques.  For  ex, ample,  the  rolled  costlug  he  air  cole, I 

temperature  lor  storage.  The  microstruelure  of  this  relied  sleel  In,  hales  fine 

pe.arllte  with  spheroid  I re, I cementlte.  hsothermal  working  800"(:  has  a.lvan,  ag,- 

that  refining  of  the  Iron  grain  and  spheroldlx  Ing  ,.(  tl„.  eemenlli,.  .„  a 
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controlled  and  fixed  temperature  and  can  yield  a st.onB  fouBli  material.  Since 
this  material  has  a fine  structure  at  room  temperaf.re,  it  can  be  reheated  at  a 
sub.sequent  time  to  temperatures  at  wl.ich  It  can  be  labrt.ated  into  the  desired 
configuration  in  a superplastic  statu.  A preferred  temperature  for  .such  final 
working  is  low  in  the  gamma- c ement  1 te  range.  This  heating  across  the  g.ainma-.ilpha 
transition  removes  most  of  the  non-.spheroidized  cem.ntite  which  h.id  precipitated 
in  plate  form  during  cooling.  The  different  micros! rnctnre  formed  by  working  In 
the  alplia-cementite  and  gamma-cement  ite  range  are  s.-t  forth  In  the  section  on  the 
first  method. 

The  ste.-l,  isothermally  worked  in  t l.e  g.itmna  pins  cem,.ntlte  r.inge,  is  m.nl.> 
•superplastlc  below  JAW.  by  deforming,  it  to  large  si  rain:,  (e.g.  . = l.M  i„  t In- 
alpha  plus  cementite  range  (e.g.  600  to  700"C).  As  .stan.l  in  the  first  metho.l 
this  deformation  proce.ss  will  spheroidize  the  transi  ormat  i on  product  obtained  I mm 
cooling  the  steel  isothermally  worked  previously  in  the  g.imma-cement i t . rauge. 

An  example  of  the  microstructure  and  propertie;  obt.iined  bv  the  second  met  l.o<l 
is  as  follows.  A 1.6%  carbon  casting  was  homogenized  at  IIOO'C  lor  60  minutes.  it 
was  then  forged  in  the  gamma  plus  cementite  range  ( ooli„g  to  ai«>ut  «()()"<:),  i„  ten 
steps,  to  a total  true  strain  of  2.0.  The  f..rged  plate  was  then  rolled  i sot h.  rma I I v 
at  8-iO‘t;  to  a total  true  strain  ol  2.1)  (at  twenty  p.  r.enl  per  pass  with  a minute 
reheating  tins-  betweti  p.is.ses)  and  I i.en  .air  eoole.l.  Tlie  m I cost  rue  t u re  ol  it, is 

•steel,  shown  in  figure  6,  reveal  the  presen.  e ol  pr.  .eut  e.  I o i d .ement  if  in  

dized  lonn  and  transformation  prodml  .-onslsling  of  I I,,.,  pe.arliie.  ih.-  i .-mp.-, 

atnre  properties  ol  this  material  gave  a Rockwell  h.at.lness  .,1  It).  |„  .-.Hiipmss  i on 

tests  at  room  temperature,  the  plate  exhibited  a yi.-ld  strength  ol  l*)()  ksi  . with 
cracking  occurring  up  to  30%  compression  strain. 

If  the  above  proces.sed  steel  is  heated  to  650“.;  .ind  i .sot  hermal  I v worke.l  at  this 


J 
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Figure  6.  Carbon  replica  photomicrograph  illustrating  proeutectoid 
cementite  and  pearlite  in  a 1. 6%C  steel  after  extensive  working  in 
the  gamma-cementite  range.  The  steel  was  processed  as  described  in 
the  second  method. 


! 


<n  Figure  7.  Much  of  ,ho  .„„ot„„,.  ,„„  prc.ocf  .,  „,.„  »„H,.r.fd,.od  o„d  ,„o  r.._,.l, 

U , strong  ™,torf.l  with  a too.  t»,. orators  h.rdooos  „.  «,,rk„oll  ■•€"  17. 

Third  Method 

In  a ’'third  .ethod",  tho  oltra  high  oarbon  stool  ,s  hoatod  tho  tango 

for  honogonlaatlon  In  acrordanco  .1th  tho  prlnCplo,.  of  , ho  f.rogofng  

~lhods.  Hero,  tho  stool  Is  rapldlp  c.olod  throng,,  , ho  ,„ph,-g,™,  

fom,  oartonslto  plus  rotalnod  anstonito.  Thoroaf.o,  , th,.  „oo,  ,.s  too, .or 

'•  ‘••-'“-F r»„o.  ......  h50-c.  As 

ho  .at.  work 

“""■"—“'-.I"-  

A.  a pros,,,,, on  aga,n»,  ..racking.  

tachnlgno  1.  to  cploy  an  oil  .p.onch  tathot  than  a „„.t  „„.,„th  ,„t  

Tho  third  oothod  may  ha.o  a nuobot  of  l.portan,  f,ts,,v.  , 

forn^tlon  of  oartonslt.  oroatos  a rclatlyoly  , ...  tos,  mot,,,,.  

.Ho  aoonnt  o,  ,o,rk,ng  toonirod  tn  toflno  tho  grain  ,t,..  ,„  , 

prodnct  1.  oxtro„.,y  str,a,g  at  r«-  

"'''T"  ■ 

•"  

doiiii  11.111  My  »|.lnT.ilillz,.,|  |„r.'f. 

,n  an  altornatlvo  tho  „„r„  „,  .,„k„„,  

In  ,h,.  ga..a-, . to  tango  rather  , ban  war.  

For  „ptl.,„  plnstlCy.  .ahrlcatfon  a „,oo,  pr.,d.„,.d  „„s  

IS  accompll.shed  in  the  g.Tinnia-ceiiientite  range. 

An  oxaoplo  „f  tho  .Icrootroctoro  ohtnlnod  by  t,„.  t,,lrd  .othod  ,s  ,„ 

Figaro  8.  This  f„„  sphotnldlaod  s.motoro  was  a ,a,.,.,  „s„„,  


.'0- 
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Figure  7.  Carbon  replica  photomicrograph  illustrating  a 1.6%C  steel 
processed  in  the  same  way  as  described  in  Figure  6 except  for  additional 
working  in  the  alpha-cementite  range. 


Figure  8.  Carbon  replica  photomicrograph  illustrating  the 
microstructure  obtained  by  extensive  working  at  550°C  of  a 
tempered  1.6%C  steel  as  described  in  the  third  method. 


fine  spheroidized 
quenched  and 


following  proooduro.  Tho  o.sting  w.n  ho.ogn„l„d  ..  U31.T  for  60  .1„„„.„  n„d 

wntor  ,,„.„rhod.  It  .no  iho„  ho.t.d  to  550‘C  for  2 „„d  rolled  I »o, l.erma 1 1 , 

‘«-Por«toro  to  . ntr.ln  of  1.8.  Th.  fl„o„o„.  .pn  structnre  ol,„l„..d 

at  tl»  low  war.  working  towporatoro  ro»„lt«l  in  a high  roo.  tianperatnr..  hardnos. 
of  Rockwell  "C"  50. 

Fourth  Method 

In  a "fourth  method"  total  mechinlcal  working  takes  place  at  cold  temperatures. 
It  employs  part  of  the  procedure  of  the  third  metho.l.  Thus,  the  ultra  h.,,.i  carhou 
s.eel  plates  are  homogenixed  in  the  g.unma  range  and  then  cpienehed.  These  plat.s 
are  then  tempi-red  under  ...nditlons  obtain  an  ann.  aled  produe,  . Suitable  eou- 


d. I ions  for  annealing  are  temperatur-s  high  in  the  .1 pha- cement i t e range.  ...g. . 

700-t;.  for  a time  on  the  order  of  on.f-half  hour  to  .•  hours.  This  aunealed  pro,h..-, 
is  then  cooled  to  room  temperature.  Then,  the  product  ii  mechanically  worked,  as 
by  rolling,  to  Impose  a part  of  the  deformation  required  to  sphere  id ix.-  essentially 
all  of  the  cementlte  and  refine  the  grain  sixe  to  the  desired  extent  in  th..  subsequen. 
annealing  treatment.  It  is  preferable  not  to  impose  the  total  amount  of  deformation 
required  for  this  purpos..  in  a single  cold  rolling  because  of  the  possibility  of 
'■racking  at  room  temperature.  After  the  firs,  step.  th..  steel  is  rebeat.-d  and 
annealed  suil.ably  at  the  foregoing  .-oudltions  in  onl.-r  t..  cause  re.overy  and  re- 
finement of  the  structure.  Then  this  cycle  is  repeated  until  the  deslr...l  total 
strain  is  applied. 

fhermal  cycling  through  the  gamma-alpha  t ransfurmau..,,  t..mperaiure  .u  say. 
600-800-C.  will  accelerate  the  recovery  process.  1,.  an  alternative  to  the  fourth 
ntethod.  the  steel  may  be  annealed  low  in  the  gamma- .ement 1 f e range  followed  by 
slow  cooling  (e.g.,  air  cooling)  to  room  temperature.  This  material  can  be  cot, I 
rolled  to  impart  part  of  the  total  deformation.  rhereafter.  this  cycle  o.  ann..aliug 


and  cold  working  is  repeated  several  times  until  th--  desired  total  delorm.it  Ion  Is 
accomplished. 

It  IS  apparent  that  both  the  fourth  method  and  the  alternative  fourth  method 
require  longer  times  and  more  careful  control  than  i he  first,  second  and  third 
metliods.  Thus,  in  general,  the  first  three  methods  are  preferable  ones. 

An  example  of  the  type  of  product  obtained  by  the  fourth  method  is  given  for 
a 1.3%C  steel.  The  original  casting  was  heated  to  I100°(!  for  90  minutes  and 
subsequently  quenched  In  water.  It  was  then  anneal. d at  700‘’C  for  45  minutes,  air 
cooled  and  cold  rolled  to  a strain  of  0.3.  It  was  ..gain  .innealed  at  700“(:  for  30 
minutes,  air  cooled  and  further  rolled  at  room  temperature  to  an  additional  strain 
of  0.5.  A final  annealing  treatment  at  700“C  for  30  minutes  was  given  in  order  to 
recover  the  cold  worked  structure.  Wgure  9 illustrates  the  fine  structure  obtained 
by  this  cyclic  anne.iling,  cold-working  and  annealln)’,  treatment  of  a high  carbon  steel 
quenched  from  the  gamma  range.  This  material  is  relatively  soft  (Rockwell  "(1"  20) 
because  of  t lie  high  annealing  temperature  in  the  alpha  plus  cementite  range. 

K1 1 ( li  Method 

nielhod",  a steel  billet  Is  first  Immog.iu)  I zed  In  the  gamma  range  and 
inetdianical  1 y worked  in  the  same  rang.-  to  break  up  the  east  structure.  As  set  fortli 
in  the  section  on  tlic-  first  method,  mechanical  working  in  the  gamma  range  Is  optional. 
It  accomplishes  acceleration  of  material  homogenization  and  so  may  be  referred  to  as 
"mechanical  homogenization". 

After  mechanical  working  in  the  gamma  range,  the  worked  structure  Is  cooled 
diiectly  to  a warm  temperature  in  the  alpha-cementli e range  and  mechanieally  worked 
at  this  temporal  lire  to  furm  a tine  structure  of  sph.'roi  d i zed  cementite  in  a fine 
grained  Iron  matrix.  In  .•sseiice,  this  procedure  ac.  oiu|)  1 I shes  the  total  deformation 
required  lor  this  purpose  I ii  tlie  aiplia-eementJ  Le  range  rather  than  In  a combi  nat  Ion 


Figure  9.  Carbon  replica  photomicrograph  illustrating  the  fine  spheroidized 
structure  in  a 1.3%C  steel  obtained  by  repetitive  cold  working  and  annealing 
treatments  as  described  in  the  fourth  method. 


of  j'ammn-conKMit  Lte  and  alplia-ceraent i i e range  as  set  t orlli  in  l:tu'  first,  and  kccoihI 
metliods.  Suitable  warm  working  temp(*ratures  in  the  alplia  range  are  from  a mini  mum 
ot  500°C  to  the  transformation  temperature  (723°t;)  and  preferably  at  least  bOO"(l. 

Ill  an  alternative  to  the  fifth  mc-tiiod,  mechaniial  wcirking  may  be  accomplished 
in  the  gamma-cement  ite  range  rather  than  warn  working  in  the  alpha-cemeni  ile  rang.e. 
For  optimum  plasticity,  fabrication  of  a steel  produced  according,  to  this  alterna- 
tive is  accomplished  in  the  gamma-cement  ice  range. 

The  fine  structure  obtained  by  the  fifth  metboil  is  ) Ivcn  as  follows  for  a l.b%(! 
steel.  The  original  casting  was  homogenized  at  113l)°(!  fc  r 60  minntc-s  and  worked  at 
this  temperature  to  a true  strain  of  1.0.  It  was  tiien  coohsi  and  woi  kial  i .sot  he  mi.a  I I v 
.11  600'’(:  to  ;i  true  slr.iln  cd'  1.').  The  resulting  ni  I e rest  i nc  I ii  re  is  shown  in  Fig, lire  1(1 
where  it  c.iii  he  readily  .seen  ih.il  ;i  very  line  sphe  r' 1 1 d | /,ed  stineliire  was  ohi  .lined, 
lls  room  I empiM  .1 1 II  re  li.i  rdiusss  w.is  Koekwell  "(I"  4H.  Al  I ei  anmsiling,  I he  lolleil  pio 
tliicl  .It  6')0°(.’  for  50  mlniKe.s,  its  room  temperature  hardiii  sn  dr'cnsised  to  Rockwell 
"C"  ‘57.  The  yield  strcn)'.th  of  the  ann(*aled  product  was  166  ksi  with  .a  loi.il  elong.a- 
t ton  of  3%. 

Other  techniques  may  be  employed  to  form  the  ultra  high  carbon  steel  of  the 
foregoing  invention  so  long  as  the  desired  niirostrncture  is  obtained.  One  possible 
techniipje  is  to  .Ka-omir  1 isli  the  desirird  deformation  by  thermal  cycling,  helweeii  temper- 
.ilnre.s  ai’idss  the  i I |5h.a-g,.iiniii,i  t ransl  orni.it  I on . It  wonid  he  neecss.s.ary  lo  repi-.il  tlii.s 
('Vel  I Mg,  iii.'iiiv  I Imos  hee.'inse  eae  h .si  .'q’.e  ol  such  I iMiipei  ,i  I ii  re  deloriiial  ion  Is  lei.il  lvel\ 
sill. ill  I (imp. lied  (o  lli.'il  .11  comp  1 I sIksI  hy  mechanical  worklii)'. 

Another  teilinicine  which  may  hi’  (.miployed  Id  form  a sleel  ot  the  desired  iiilcro- 
st  met  lire  is  powder  me  1 a 1 1 u rg  i eal  mixing  of  powders  of  lion  alloys  eon  I a I n 1 ng, 
sphero  i d i zed  eomen  1 i t o aiid  line  iron  powders.  For  example,  line  powders  (e.)'.., 

1-10  micron  size)  of  while  cast  iron  (4  to  5Z  carbon)  can  be  inl.xed  with  iron  powilcr.s 
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Figure  10.  Carbon  replica  photomicrograph  illustrating  the  fine  spheroidized 
structure  in  a 1.6%C  steel  after  isothermal  working  at  600°C  as  described  in 
the  fifth  method. 


of  opnroxlmatc-lv  tl.f  same  size  and  pressed  and  sintered  at  6()0-700'C  to  l.ond  the 
powders  by  solid  state  fusion.  The  proportions  are  sele.ted  to  eonform  to  , l„. 
l..re,.,oinP  t„l.a1  carbon  contents  (e.„.,  2 parts  of  Iron  to  1 part  of  white  cast  Iron) 
(Oi-erclal  steel  impnrities  lnclndln„  manRonese  may  be  supplied  In  the  iron  powders 
or  white  east  iron  powder.  The  final  product  has  a mlerostrnctnre  with  soperp last  1 c 
clinracter ist icH  at  elevated  temp'^^ratiires. 

Ka_oJ^TonlI>eJ^at,ir^Me^^  CoMtalnJiiK 

I'jne  S l ruf  tiir es  ’ “ 

Our  .SM,T..,ss  in  oh  t i „ i fine  struetores  In  I I,,-  oln.,  hij-h  rarhou  .slorls  In 

We  a.nihnte  the  snperhi.h  duct  i h , y I, served  a,  wan,,  , e„„.e , a ■ „ , es 

t"  N,e  presence  ol  tl,ese  line  stmclnres.  Fnrthennore.  we  have  a ,eadv  inilica.ed 

>=Mch  steel..;  can  be  strong  and  ductile  at  roo,n  , e,„pe,  a,  „re.  The  ,„osI  pn„,.lsl,„. 

have  been  ohtained  with  the  I . IZC  steel.  I , l.-ignre  II  we  illnsMat..  Ihe 

true  stres.s-true  strain  curve  for  the  l.r/C  steel  aiti-r  warm  working  at  hhl^;.  The 

as-warn,  worked  ,naterlal  has  a yield  ..trength  ol  ahoni  MJh. ()()()  psi,  a :il',,()()0  psi 

nltl,nale  tensile  strength  and  4%  tensile  elongation  whirl,  is  a very  at  tractive  cn,„- 

I’ination  of  properties.  The  ductility  can  he  i.„pro..e.l  h^  annealing  with  a resultant 

H'-rea.io  in  l he  yield  sLiength.  Thus,  annealing  io,-  100  l,o,,rs  at  ^,0l)”c  resulted  in 

.*  vield  strength  of  I', 0,000  psi  and  in  .,  due  M I i l y ol  | V (uniform)  elongation. 

liiis  would  indicate  that  we  may  have  developed  a very  tong, I,  maliTlal. 

•Steels  containing  carbon  contents  higher  than  l.r/C  exhibit  yield  strengths 
liigher  than  those  we  have  reported  lor  the  1 . T/C  steel.  This  is  hei’anse  t l,e  vield 
strength  is  principally  , function  of  the  mean  free  path  for  dislocation  motion. 
CurJand^^^)  has  shown  that  the  yield  .strength  follows  a linear  relation  with 
where  A is  the  mean  dist.ance  between  obstacles.  For  high  carbon  steels  the  a|>|,ro- 
Oriate  distance  for  A is  the  mean  distance  between  par  t i . 1 ,•.■; . It  ,a„  be  readily 

l•■■'rllcle  size  (ahont  0.  .'^Si  in, ) the  me.,,,  particle  spac  I „g. 


STRESS  (KSI) 


WARM  WORKED(I) 


WARM  WORKED 
AND  ANNEALED (2) 


TRUE  STRAIN 


Figure  11.  True  stress-true  strain  curves  for  the  Fe-1.3%C  alloy  at  room 

temperature  after  warm  working  at  565°C  (1050°F)  and  (2)  after  annealing 
following  warm  working  (500°C  for  100  hrs.). 


changes  from  O.Al.im  for  the  1.3%C  steel  to  0. 34imi  for  the  I , hZC  steel  and  0. 29|iin 

for  the  1.9%C  steel.  This  means  that  yield  strength;  of  ahunl  160,000  |>;;i  can  he 

achieved  for  an  annealed  1.6%  .steel  and  about  1 75,000  psi  for  an  annealc'd  1 . 9%C 
st(.‘cl.  The  ductility  will  remain  high  with  increasing  carbon  I'ontent  since  the 
ferrite  grain  size  is  fine  and  this  f.actor  dominates  the  plasticity  o!  the  material. 

Evi'n  iiKjre  impressive  yield  strengths  are  obtainable  iii>on  lnrthc*r  reduction  of  the 

panicle  size.  Thus,  a particle  size  ol  0.1  micron  will  result  in  a yield  strenj'.th 
of  about  215,000  psi  for  the  1 . 3%(;  steel,  255,000  psi  lor  the  1 . 6%C  sled  and  280,000 
psi  for  the  1 . 9%C  steel. 

5.  heat  Treatment  of  I'ine-Strncture  Ultra  llljth  Carbon  Steels 


We  already  indicated  that  annealing  the  1.3%C  si  eel  al  ter  extensive  warm  working 
leads  to  a considerable  increase  In  ductility  (Figure  il).  Other  IkmI  i rea  iiiu’iit  s can 
be  even  more  nselnl.  Alter  snperp  las  t i <•  working  or  warm  worklni;  in  llie  .ilph.i  range 
iiin  nitia  high  c.iilon  steels  can  be  lliennally  treated  to  obtain  hig,h  si  riMi)’i  h hy  i 

heal  I ng  above  the  ctitical  tempt'ratnrc  (/21"C)  lollos/ed  hy  conirollcsl  tales  ol  cooling,  r 

(oi  ipienehing  to  specllii'  Isolherniiil  I einper  itnres) . In  iMs  manner  line  g, rained 
ansicnile  can  he  transformed  to  varioiis  forms  oi  I raiisl  ornied  si  riic  I n res  soidi  .is  coarse 
aiul  line  pearl  ite,  coarse  .and  fine  hainite,  iiia  i tens  i i e , ami  so  forlh. 

We  wish  to  point  out  that  heat  treatment  after  aipe  i p 1 ast  i c working,  ol  fine  stinc- 
tures  would  he  especltiJly  nseiul  with  ultra  hi)’,h  earaon  steels  containing,  ailoving  | 

elements.  For  example,  miicli  greater  control  ol  tlie  rati'  of  ir.ans  forma  t i on  is  possiiile 
with  a 1.5%  Cr  sled  tlian  witli  plain  carbon  stec^ls.  This,  in  turn,  will  pi-rnill  )',rcal  ci  i 

flexihilily  in  obtaining,  a desired  final  m i crost  ni  c t nr  e . Sncli  steels,  however,  hecan.'-.e  I 


ol  I lie  added  eos t 
I iiexpisis  i ve  II 1 I ra 


o'  alloying,  m.iy  rind  le.ss  ins*  for  apj)  I i cat  ions  in  coni  lasl  to  the  | 

lii)’li  |j1,iIii  carbon  siids  whlidi  should  I i ml  wide  geiier'.i!  nlllllv.  j 

I 

I 


^ ^ tr a CaHjon  Steels,  A Siiiiimary 

Oiir  research  has  centered  on  plain  carbon  iteel;  contalnJnR  1.1 
to  2.3'Z  c.irhon  (twenty  to  thirty- five  volume  pericnt  ( emeriti  te  respect- 
ively). Much  of  our  basic  studies  in  the  past  yi  ars  i elated  to  strain- 
enhanced  spheroidizatlon,  warm  working,  strain  created  vacancies  and 
superplasticity  proved  indispensable  in  our  attempt  to  obtain  fine  grained 
structures  in  ultra  high  carbon  steels.  Various  TMT  (thermal  mechanical 
processing)  procedures  have  been  developed  which  liave  resulted  in  partirulate 
composites  of  ceraentito  in  iron  containing  ferriie  grains  finer  than  oiu' 
micron  in  size.  Such  high  carbon  steels  aie  siipcrpla;  t i c at  warm  temperatures 
(.ibuiit  ’^007.  elongation  iinve  lieen  achieved).  Knri  liermorc' , they  can  lu'  maile 
strong  and  ductile  at  room  temperature;  for  example,  a 1.17,  carhoii  .ste-l, 
proces.sed  to  consist  of  line  spheroidized  cementite  with  accoinpan  y i u)',  fine 
ferrite  grains,  exhibits  a yield  strength  of  150  ksi,  and  nitimato  i ensile 
strength  of  205  ksi  and  15  percent  elongation.  fo  tiu-  hest  of  oiir  knowledge 
this  is  the  first  time  plain  carbon  steels  have  been  made  superp 1 as t i c and 
our  results  suggest  exciting  pos.s  Iblli  ties  in  the  application  of  i nc'xpeiis  i ve 
steels  for  many  new  structural  application. 
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B.  BREAKDOWN  OF  1,AMELLAR  MICROSTRUCTURES 
J.  C.  Shyne 

The  intent  of  this  portion  of  the  program  is  to  gain  information  about 
the  kinetics  and  mechanisms  of  the  spheroidization  of  lamellar  microstructures 
as  a consequence  of  plastic  deformation  and  thermal  activation.  The  material 
chosen  for  study  was  the  60Sn-40Pb  eutectic.  This  material  is  interesting  for 
Its  own  sake,  since  the  Sn-Pb  eutectic  is  an  important  mi crostructural  feature 
of  common  solder.  However,  the  main  motivation  for  choosing  60Sn-40Pb  as  an 
experimental  material  is  because  the  Sn-Pb  eutectic  resembles  the  more  tech- 
nologically Important  Fe-C  eutectol.d,  pearllte.  The  siilieroldlzatl on  of  pear- 
lite  is  extremely  important  process  in  steel  technology,  but  the  eutectoid 
pearlite  is  experimentally  difficult  because  of  the  brittleness  of  the  I’e^C 
phase  of  the  pearllte  at  temperatures  below  about  600"C. 

Experimental  alloys  of  the  60Sn-40Pb  eutectic  have  been  prepared  by 
melting  and  casting.  By  controlling  the  solidif i( ation  rate  by  slow  cooling, 
beautifully  well  formed  lamellar  eutectic  structuies  were  obtained.  Metal - 


lographlc  practices  were  developed  lor  observing  t liese  microstructures . 

The  intent  was  to  cold  work  tlie  eutectic  ulloyt;  at  temperutiircs  too 
low  for  any  thermally  activated  br.-akdown  of  the  lamellar  structure  to  a 
spheroidlzed  equiaxed  microstructuie , and  then  to  follow  the  subsequent 
thermally  activated  process  of  spheroidization  at  some  higher  temperatures, 
hopefully  above  room  temperature.  Samples  were  cold  rolled  at  temperatures 
down  to  -196°C  (liq . N2),  and  subsequently  their  microstructures  were  examined 
at  room  temperature.  In  all  cases,  no  matter  how  rapidly  the  metallography 
was  performed,  there  was  extensive  spheroidization  of  the  cold  worked  speci- 
mens. Tills  efieclively  rules  out  normal  metallog)  nphy  (at  room  ten.pernture) 
nn  a viable  means  lor  lollowlng  tin-  progress  of  the  spheroidization  reaction, 
llelore  at.teiiipt  I ng  met  allograplrlc  examination  ol  the  cold  worked  Sii-I’b 
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materia]  below  room  temperature  by  means  of  light  optica]  methods  or  using  a 
ficannlng  electron  microscope  it  was  decided  to  use  differential  thermal  anal- 
ysis (DTA)  to  determine  the  temperature  range  in  vhlcli  the  lamellar  breakdown 
occurs.  DTA  experiments  were  attempted  on  specimens  of  60Sn-40Pb  cold  rolled 
at  -78“C  (dry  Ice  sublimation  temperature).  This  has  proved  to  be  a most  dif- 
ficult task  and,  as  yet,  unsuccessful.  The  DTA  technique  depends  upon  detec- 
tion of  the  small  amounts  of  heat  given  off  by  an  exothermic  reaction  (or  heat 
absorbed  by  an  endothermic  reaction).  Results  to  date  on  the  Sn-Pb  eutectic 
have  been  unreproducable  and  unmeanlngful.  The  main  sources  of  error  l)elng 
the  very  small  amount  ol  energy  released  during  tl,e  sphero id  1 zat 1 on  reaction 
and  experimental  noise  occasioned  l.y  the  condensallon  ol  i raci’s'  of  Ice  and  its 
subsequent  melting  on  the  DTA  specimens. 

Some  Information  has  been  gained  from  meclanlcol  tests  performed  at 
-78“C.  Eutectic  Sn-Pb  specimens  were  tested  in  compression  using  an  instron 
mechanical  test  machine.  It  has  been  found  that  as-cast  lamellar  specimens 
work  soften  during  compression  deformation,  apparently  this  is  a consequence 
of  concurrent  spheroidization.  Test  specimens  Imtlally  with  a sphered  i zed 
microstructure  exhibit  normal  work  hardening  rather  than  work  softening.  Ke- 
rnarkahly,  this  work  sol  tenlng  behavior  eerslsts  to  t lie  lowest  test 

temperature.  This  suggests  that  attempts  to  follow  the  isothermal  progress 
of  tl.e  spheroidization  process  would  have  to  be  carried  out  below  -7H‘’C  (dry 
ice  temperature).  However,  temperatures  below  -7!'°C  In  addition  t.^  being 
experimentally  very  dllflcult  (for  metallography,  DTA,  etc.)  create  another 
problem,  the  transformation  of  white,  metallic  bn  (BCT)  to  gray,  mm  metallic 
bn  (diamond  cubic).  This  phase  transformation  is  usually  quite  sluggish,  and 
the  white  Sn  phase  (one  of  the  two  phases  of  the  (>0Sn-^0Ph  eutectic)  car,  hr 
undcicooled  far  below  t lie  equilibrium  temperature  ( for  pure  Sn).  At 


-78°C  there  was  no  indication  that  deformation  had  stimulated  the  white  to 
gray  Sn  transformation.  But  specimens  cooled  to  - 196°C  were  very  brittle 
and  broke  up  during  attempts  to  roll  them,  probably  because  of  the  8n  trans- 
formation. 

The  experimental  difficulties  encountered  plus  the  unexpected  occur— 
ranee  of  the  spheroidization  reaction  at  temperatures  as  low  as  -78°C  require 
Some  reassessment  of  the  experimental  aims.  At  this  point  it  appears  that 
turther  attempts  to  obtain  quantit.atlve  kinetic  d.ata  on  tiiS  reaction  of  micro- 
structural  change  from  cold  worked  lamellar  euteci  ic  to  spherodlzu^l  eutectic, 
should  not  be  made.  Clearly  two  experimental  techniques  have  been  succesHlul, 
cfjnvent  1 on.'i  1 optical  metal  lograplilc  characterization  of  I lie  mi  cro.st  ruct  uri's 
(at  room  temperature)  and  low  temperature  ccimpre.ss  I on  tests.  These  tech- 
niques will  be  used  to  demonstrate  the  Influence  of  varying  amounts  ol  pl.is- 
tic  strain  applied  over  a range  of  temperatures  on  the  resulting  final 
spheroidized  microstructure.  Such  information,  while  not  so  useful  ns  rjuantl- 
tative  isothermal  kinetic  data,  will  help  to  elucidate  the  process  of  lamellar 
breakdown  both  specifically  in  60Sn-40Pb  and  genet al  ly  in  other  lamellar  micro- 
structures  . 
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^ HOMOGENEOUS  CATALYSTS 

■'  • I’ . I'ol  1 m in 

^ • H^>ijlogfenized-Homoj^enized  Hvdrof^enatinn  r.^t alysts 

During  the  past  six  months  an  effort  directed  towards  the  synthesis 
of  a new  silated  chelate  £ has  been  in  progress.  This  synthetic  effort 
IS  not  yet  complete.  An  improved  method  for  preparing  Marqiiardt's 
silated  chelating  phosphine  2 is  being  devlopcl.  However  efforts  to 
prepare  the  arsenic  analogue  3 have  not  been  successful.  Kagan*  has 
described  a chelating  chiral  phosphine  4 chemically  attached  to  poly- 
styrene. Work  in  progres.s  is  directed  n,.va rds  a .silated  analogue  of 
Kagan', s chiral  ligand.  Additional  rate  data  concerning  the  effc-ct  of'pois, 
on  comm..,ci..l  rhodium  . alalyst  are  still  being  determined.  I he.se  dal 
are  , omsistent  with  the  hypothesis  that  ad,acenl  .surface  rhodiums  ..re 
ne,  e.s.sary  for  each  catalytic  .sequeiu  e. 


CH,  = CII  HPh, 

^ !0T  " 


(KtOI^SiCH^t'II^CH^t  II 


NMe. 


,(  lUIM'h, 

4..  4. 

'( :il..-IM’h. 


(KtOIjSiCH^CiH^CH^fiH 


^CH^AsfJh^ 

^CII^A.sPh^ 


p - Cl'lCII  ,IM'h  , 
Cl  I 

'o  cficil  .I'l-h  , 


po  ly  Hi  V rcMU' 

. . . 

'hi  iM  I 4 4*nt  i’  s 


(EtOI^Si 


II 

I 

o — c;-cH  i*pi. 
/ 2 2 

— CCHjPPh, 
H 


~r/~ 
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2 . Metallic  Catalyst  Supports 

MonodUpersed  solutions  of  ZH-TaS^  have  been  prepared  according 
to  Murphy's  directions  ' Rhodium(III)  cations  have  been  attached 
to  the  surface  of  these  layered  metals  by  ion  exchange.  Preliminary 
electrochemical  studies^  of  ZH-TaS^  as  single  crystals  and  reprecipitated 
aggregates  have  been  initialed.  The  two  types  of  samples  gave  similar 
behavior  but  the  potential  range  in  which  tliese  materials  remain  "innocent 
and  will  serve  as  inert  electrode  supports  is  limited  to  the  cathodic  side. 


Face  to  Face  Porphyrin  Synthesis 

Present  efforts  are  directed  towards  the  preparation  of  a key 
intermediate  6 which  can  be  used  to  make  a range  of  "face  to  fac»  " 
pt>rphyrins  which  we  expect  will  catalyze  multicli'ctron  redox  reactions. 
At  present  we  are  three  steps  away  from  (.  in  a six  stage  linear  sequence 


-ri- 


-3- 


A.  Relur'ences 


(1) 

(2i 


R3) 

(4) 


H.  B.  Kagan  and  T.  P.  Dang,  J.  Am.  Chem.  Sue.  , 94,  6429  (1972). 

D.  W.  Murphy  and  G.  W.  Hill,  Jr..  I.  ^,;m.  J^.'.  in  .submission  (l‘>7 
and  D.  W.  Murphy,  F.  J,  DiSalvo,  G.  W.  Hull.  Jr..  J.  V.  Was/,./.ak, 

S.  F.  Meyi;r,  G.  R.  Stewart,  S.  Farly,  J,  V.  Acrivos,  and 

T.  H.  Geballe,  J[*  Chem.  Phys.  in  submission  (1974). 

We  are  indebted  to  Professor  T.  H.  (.eballe.  Applied  Physics 
Department  for  advice  on  the  preparation  of  2H-'J  aS2. 

This  work  was  carried  out  by  M.  Marrocc  in  Professor  Fred  Anson's 
laboratory  at  Caltech. 
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li . Supported  Mn Itimel.alllc  Clust er_s 
M.  ISoudart 

• • ture  of  Small  Metallic  Partlrles 

Anisotropy  is  the  most  distinctive  property  of  crystalline 
matter.  Surface  anisotropy  of  a large  crystal  is  determined  hy  Its 
individual  faces.  In  tlie  case  of  catalytic  partli  les  In  the  nanometer 
range  the  notion  of  face  is  inadequate  as  revealed  by  electron  micro- 
scopy. It  is  preferable  to  describe  surface  structure  by  specifying 
the  fraction  of  surface  atoms  witli  a given  number  of  nearest 
neighbers.  A surface  atom  with  i nearest  neighbors  is  called  C,. 

I t has  been  shown  theoretii  ally  by  others  that  the  surface 
stinctnrc  of  small  particles  changes  witii  particle  size  in  tiu?  range 
hetwec'n  I and  10  iini  (1).  for  Instance,  the  Irai-tion  of  Cy  atoms  at 
llu'  siirlaci*  ol  a hcc  particle  Is  almo.si  ten  i lm(!s  smaller  on  a 1 nm 

I larger  ones,  i'hns  a stiuly  ol  the  idiange  In  calalyilc 

.ullvlty  with  particle'  .size  may  eslabl  l.sh  v.liethcr  a reactlini  depends 
on  surface  structure.  If  .so.  It  is  said  to  be  slincLnre  sensitive. 

Ihls  appear.s  to  be  the  case  lor  aiiimonl.i  dertmipos  1 i 1 on  which  proceed.s 
at  a rate  10  times  higher  on  the  (111)  faces  than  on  the  (100)  or 
(110)  faces  of  tungsten  single  crystals  (2).  It  must  be  noted  that 
among  the  low  ind(*x  faces  of  bcc  tungsten,  only  the  (111)  face 
exhibits  Cy  sites. 

In  the  case  of  ammonia  synthesis,  it  has  been  observed  hv  brill 
and  Knrzidim  ('))  that  the  catalytic  activity  of  sm.i  1 1 partlcli's  of  bcc 
iron  was  higher  when  the  magnetite,  Fe-jO^ , used  to  prepare  the  cai.ilyst 
was  ri'dnced  hy  d I hydrogen  In  the  presence  ol  dinllrogen,  than  when  it 
was  ri'dnced  liy  dlliydrogen  alone.  It  w.is  al.co  observed  with  Meld 
emission  microscopy  that  dInitrog,cn  recons  l i nc  Ls  in  Iron  tip  hy 
adsorhlni;  j)  referontla  1 I y on  (III)  planes  and  increasing  their  extent 
(A).  Hence,  It  was  surmised  by  Brill  and  Knrzidim,  that  the  role  ol 
dinllrogen  in  the  reduction  of  magnetite  to  lorm  .i  more  iictive  c.ii.i- 
lytii  snriace  was  to  I avor  the  appearance  ol  (ill)  I ai'e.s  which.  In 
turn,  were  assumed  to  possess  a higher  catalytic  .ictivlty  than  other 
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faces  for  the  ammonia  synthesis.  In  view  of  these  observations 
suggesting  a catalytic  anisot  ropy  of  iron  surfaces  for  the  ammonia 
synthesis,  it  was  decided  to  study  the  rate  of  that  reaction  of  very 
small  particles  of  iron  and  the  variation  of  the  late  with  particle 
size  and  catalyst  pretreatment  in  the  presence  or  in  the  absence  of 
d initrogen . 

It  was  hoped  that  MBssbauer  spectra  of  these  small  iron 
particles  would  bring  information  on  the  desirable  surface  structures 
in  ammonia  synthesis. 

2 J_i'_on  .Samples:  CJieni i sorption 

Small  (1.5  nm),  medium  size  (4  nm)  an.l  larj'.i'  (10  nm)  Iron 
particles  were  prepared  on  a magnesium  oxide  support  . The  .ivciage 
iron  particle  size  was  determined  by  the  st'lo.'ilvo  chein  fsorpt  i on  el 
carbon  monoxide,  lollowing  the  method  of  Brun.iuer  ;ind  Kimiietl  (5).  In 
an  attempt  to  verify  the  dinitrogt'n  Induced  recons  t rue  1 1 on  of  lieu 
surfaces,  the  reduced  iron  par t ic  I es  were  treated  in  Mowing  ammonia 
at  670  K and  atmospheric  pressure  so  as  to  form  ;i  bulk  nitride  ol  iron 
as  shown  by  MBssbauer  spectr.a.  Following  the  ammonia  treatment,  the 
iron  nitride  was  decomposed  at  the  same  temperature  in  a flow  ol 
dihydrogen.  The  sequence  of  nitride  formation  and  decomposition  will 
be  called  ammonia  treatment  lor  sliort. 

it  was  found  that  the  amount  of  carbon  monoxide  cliemlsorlted  on 
the  small  iron  iiarticles  decreased  by  ca.  1 OZ  as  a result  of  the 
ammonia  treatmcMit.  II  we  accept  the  views  ol  I'.riinaner  and  Kmmet  t on 
the  chemisorption  ol  carbon  monoxide  on  t lu>  low  index  faci-s  ol  Iron, 
tin-  observed  decioase  in  chemisorption  can  l.e  explalmal  11  t lie  ammonia 
treatment  Increases  the  relative  proportion  ol  sites. 

1.  Stnu-ture  fi>Lns  i t i vi  tj  j)  f J^i.nia  .Synthesis  on  iron 

Ihe  turnover  numl)er  N,  i.e.,  the  numlH-r  ol  ammonia  molecnies 
made  per  second  per  iron  site  titrated  by  ctirbon  monoxide,  was  lound 
to  increase  by  at  least  one  order  of  magnitude  with  particle  size. 

As  MBssbauer  spectra  gave  no  indication  of  c'lpiirec  i able  electronic 


Mi 
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'.nteraction  between  metal  and  support,  the  el'fecL  of  particle  size 
suggests  that  the  ammonia  synthesis  is  a structure  sensitive  reaction. 
The  effect  can  be  explained  by  assuming  that  sites,  wliicli  are  less 
probable  on  the  smaller  particles  (1),  are  responsible  for  a liiglier 
value  of  N.  This  explanation  is  supported  by  the  observed  increase 
in  N following  the  ammonia  treatment  which  also  appears  to  in.-rease 
the  population  of  Cy  sites  as  indicated  above  from  eliemisorpt ion  data 
and  below  from  Mtissbauer  spectra. 

A . Si irface  Magnetic  Anisotropy  o f Small  Ion  Par t i e 1 e ; ; 

III  I95'i,  Neel  predicted  that  sufficiently  .anal]  iiarticLes 
slmiild  exhibit  observable  surl'aei'  magnetic  nnlsotiopy  as  the  laller 
becoirie;-;  more  Important  than  shape  and  .•rystalllne  magnet  Ic  an  I so  1 rep  1 1' 
which  iloiiiliiate  with  larger  jiarllcles.  This  elleci  coiilil  be  observed 
imerpi  i voca  I iy  for  the  first  lime  in  this  wiuli  . Indeed,  MHssluuer 
speetra  ol  the  smaller  iron  iwirlleles  show  lliat  tin-  surface  magnetic 
anisotropy  barrier  is  lowered  by  the  ammonia  treatmenl.  l-’rom  Nth- 1 ' s 
tlieory,  it  follows  that  the  aimiionia  treatment  imi  eases  tlie  relative 
proportion  of  oitlier  or  C,  sites. 

5 . Conclusion 

Three  effects  of  surface  auisotrojiy  have  ln‘cn  observed  in  tliis 
work:  first,  the  decrease  ol  CO  chemisorption  as  a result  of  ammonia 

treatment,  tlie  increase  of  N witli  particle  size  and  .immonia  iriMlmeiii 
and  tlilrd,  tlie  decrease  In  snrince  magnetic  nnisotropy  lollowinj; 
ammonia  treatment.  All  tliree  l.iken  togethei  liulie.ite  tlial  C.^  sites 
are  foriiu'd  as  a result  of  aimnonla  treatment  and  are  mori>  active  Ilian 
tlie  otlier  sLti‘s  in  ammonia  sviiilicssls  on  Iron.  Tlie  ulllmali'  I'xplann- 
1 ion  of  tills  coneluslon  remains  to  be  t minil . As  ol'  now,  lei  ns  cite 
a remark  ol  Selwood  (7)  wlio  jiioneered  the  study  of  ningnetic  and  in 
particular  superparamagnetlc  phenomena  in  chemisoriit  ion  and  catalysis: 
"It  is  remarkable  tliat  a development  in  geojibysies  plus  one  In  tlie 
precipitation  hardening  of  metals  should  have  applications  in  lietero- 
genous  catalysis."  We  submit  tliat  tliis  remark  provides  some  just  if  1- 
eatlon  in  talking  about  "the  physical  basis  of  catalysis." 
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W.  A.  Little  and  J.  W.  Brill 

The  objective  of  this  research  lias  been  to  iirepare  fine 
particles  (20-1000A)  of  controlled  size  disiribution  of  various 
metals  and  to  coat  these  with  different  orj.;anic  or  inorganic 
materials.  These  materials  are  expected  to  have  novel  electric, 
magnetic  and  mechanical  prop.-rties  which  we  plan  to  measure. 

I' r ogress  to  (Lite 

I'an  l(  Ic  have  been  prepared  of  Al,  An,  Nl,  Cu  and  Ke  by 
evaporating  the  metal  in  an  atmosphere  of  Argon  er  Helium.  An 
extensive  electron  microscope  study  was  mad.  „f  the  size  distri- 
bution ol  the  particles  by  collecting  them  on  electron  micro.scope 
grids  and  covering  them  with  a carbon  film.  Some  samples  were 
found  to  have  an  amorphous  dating  but  "clean"  samples  could  he 
formed  by  placing  a shutter  between  fi  lameni  nid  grid  and  only  ,,pen- 
iiig  Mie  shutter  'or  a Iraetlon  ol  a se.-ond. 

I'.xperli,,  ,,ave  heeii  done  to  sei  11  etllcieiil  co ! 1 e.  l I oil  ol 
Iron  particles  .an  he  made  using,  a suitably  shape. I magneil.'  Il.-I.l. 
Thick  wehs  of  partieles  cjul.i  be  formed  but  coll.,  lion  eltlclen.-y 
was  generally  found  not  to  b.>  good.  Alternative  ways  ol  producing 

fine  coated  particles  by  grinding  under  suitable  chemicals  have  heen 
considered . 

I he  posslbiJity  of  studying  the  plasmon  states  ol  individual 
fir  ■ metal  particles  is  being  considered  and 


prel Im inary  experiments 
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^ • I ntroduc‘1  i^n 

Tlie  majority  of  work  reported  in  the  liieratnre  on 
el ectrocliemical  crystallization  has  been  concerned  with  the  syntliesis 
of  various  compounds,  primarily  of  the  transition  eiements  and  tlio 
preparation  of  metallic  coatings  for  commercial  applications.  Very 
little  effort,  however,  has  been  expended  on  tlie  development  of  n 
sufficiently  sophisticated  understanding  of  the  principles  involved 
in  the  technique  to  allow  adequate  control  of  the  nucl cation  and 
growth  processes  necessary  for  the  production  of  useful  hulk  samples 
including  single  crystals  of  a wide  range  of  materials.  In  order  to 
ac;liieve  this  level  of  control,  it  is  necessary  to  understand  liow  to 
produce  and  maintain  the  appropriate  thermodynamic  and  kinetic  con- 
ditions at  tlie  growth  Interface  during  the  electrocrystallization 
process.  It  is  In  this  direction  tliat  the  major  em|>hasis  ol  tills 
program  Is  orituited.  One  of  the  onigrowihs  of  this  effort  will  lu' 

I lie  ah  I I 1 1 y to  pnxluci'  material  c (Hil  I niions  I y I iic  I nd  I np,  single  cryslals 
liv  lelined  e I ec  l r (11  hem  I ca  I crystallization  t ec  lin  I (pies  . 

Attention  is  also  being  given  to  the  d e ve  1 o[)iiien i of  the  electro- 
chemical conditions  necessary  lor  the  production  ol  a group  of  SjU'c i I ic 
materials  of  speciai  Lnterest.  Tliese  include  i n t in  met  a 1 1 i c niohliim 
compounds  with  high  superconducting  transition  teiiipi'ratures , high 
melting  point  boride  compounds  with  unusual  hardness  and  good  electron 
emissiv ities , and  other  materials  ol  interest  because  ol  their  potential 
technological  use  as  optical  materials  or  mixed  condiietors  in  iu‘w  types 
of  battc.'ry  systems. 

IHiring  this  report  period,  significant  achievements  liavc-  lieen 
made'.  barge  sing.le  crystals  ol  Na  WO  have'  been  produced  by  tlie 

X j 

e 1 ec  t rochem  J ca  ] crystallization  method  under  control  Ic-d  conditions 
using  inolti'ii  timgstatc'  hatlis  and  a (Izochra  1 sk  1 - 1 I ke  growth  t echn  1 ipie  . 

The  Hiipercond  ting  phase  Nh.^Oe-  lias  hee'n  synt  lie's  1 zed  bv  e' I e'c  t i ei  I ys  1 s 
of  a molten  salt  linili. 
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' u.  II  I I.  ifii  imm 


•^wiryr' 


A system  capable  of  reproduclbly  growing  baB^^  singlo  .-rysials  Iron, 
niolten  suit  buths  Ii^is  been  devt'lopcci . 

Each  of  these  programs  will  he  discussi.l  sep.iratoly  in  Llie 
following  sections. 
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K . Invcvstilgatilon  of  the  LaB^  System 

I.  V.  Zubeck  and  P.  A.  Pettit 

1 . Introduc y on 

Very  little  previous  effort  has  gone  into  the  development  of 
a sufficiently  sophisticated  understanding  of  the  piinclples  Involved 
in  electrocrystallization  to  allow  the  production  id  useful  bulk 
samples,  and  single  crystals.  Tlie  emphasis  of  this  part  of  t he 
program  has  been  to  understand  how  to  produce  and  muliiiain  the 
pertinent  thermodynamic  and  electrochemical  conditions  necessary  I or 
morphology  control. 

The  borides  were  cliosen  as  a prototype  system  lor  inetai-mi>ta  I lo  id 
formation.  The  growth  of  lanthanum  hexaboride  (l.aB^)  single  erystals, 
selected  because  of  its  commercial  interest,  is  presently  being  studied 
with  emphasis  on  obtaining  controlled  growth  conditions. 

During  the  first  phase  ol  tliis  program,  techni(|iies  weii‘ 

developed  which  allowed  tlie  growtli  of  small  cr'/stals  of  l.aii  from  a 

6 

molten  oxyfluoride  bath  on  goUl  electrodes.  1' i om  I bese  early  experliiuMil 
llie  ei  feet  of  process  parameters  on  morpho  log  i . a I sial)iliiy,  mic  I ea  i I on 
rate,  ilepositlon  elllctency  wem  exlenslvely  siiidied.  The  need  I oi-  more 
sophisticated  proc.v.s  lag  efiulpnieni  along  wltl)  i kimviedge  and  control 
id  reaction  cliemlstiy  was  recog  n i /.isi  as  an  importani  i ec|ii  i remcnii  I oi 
tlie  attainment  of  reproducible  results.  Kfforis  toward  ibis  goal  have 
been  realized  during  the  past  six  months. 


2 • Experimental  Resul ts 


Larger  crystals  oi  LaB^,  4 mm  on  a side,  have  been  produced 
during  this  reporting  period.  This  is  a substantial  imp roveineu i ovet 
previously  reported  results.  The  Improvement  in  cr.stai  size  was  made 
possible  by  modified  experimental  ec|uipment  capai)le  of  providing 


accurate  control  of  growth  parameters.  A new  I urnaee  has  [rroviiled  a 
Mailer  I iMiiperai  u re  gradient  in  (lie  region  oi  i |je  ei  iie  lli  I e . instaila- 
Moii  oi  a lempeialuie  i dm  I ro  1 I c i iias  allowed  i eg.ii  I a i 1 on  ol  I urnaco 
"•'"I"' •" 'ii  e Inwllbiii  I .'/'t:.  A new  I’.A.P.  t,-.eaieb  iiiod.d  nil, .slat 


■liiilihiilikilM 


g;il  vanos  t;i  t has  provided  a very  .stable  atcur.ue  potential  .source.  (.'ell 
poLcMiLial  can  now  l)c  coiiLrolled  over  a wide  current  ranp.e,  and  .i 
capability  i.s  provided  for  control  and  monitoring  oi  a third  electrode. 
Voltage  measurements  (over potent  in  1 ) made  between  a tloatlng  tliird 
reference  electrode  and  cathode,  yielded  valiialile  kinetic  and  thermo- 
dynamic information  concerning  the  cathode  process.  With  the  third 
electrode  u.sed  as  a controlling  eJectrod<>,  a preset  voltage  (overpoten:  ia  1 
between  the  reference  electrode  and  cathode  insures  stability  (d  the 
cathode  proce.ss,  .1  condition  which  is  import.int  lot  the  giciw'ii  ol  sing, It.' 
crystals  of  high  (lu.ility. 

Sources  ol  hith  contami  n.it  ion  witliin  I he  sys'em,  which  imliuled 
I he  I n 1 nac  e , t I .'ing,e  , I I ( t i ii)’,.s  , ami  1 1 nc  I h 1 e , hive  I m e n i d eii  1 i I i 1 - d , .1 1 id  .ire 

being',  .'ly.s  tenia  t leal  I y el  I ut  I ti.'i  1 ei  I . N 1 c kc*  1 cl  uc  I 1 1 1 e i.i  ve  been  c e p 1 . 1 1'  ei  I I > v 

g’ I assy  ear  bon  and  platlimm. 

A nncleation  study  lias  .shown  that  when  eon t r.  1 1 I eil  growth 
conditions  are  acliii'ved,  gr.aiii  selmtion  {h’es  lecnr  aliei  ciystallites 

have  nucleated  on  t lie  elect  rode  (see  Tig.  I).  Ihider  tliese  more  id.ihle 

conditions,  secondary  nncleation  does  mit  inti  rl  ere  with  the  g’lowi  h 
process.  This  is  iavoralile  to  the  growtii  oi  l.irj',er  single  crystals  ol 
improved  quality  aiul  morpholog>. 

The  interrelat  ion.ships  among  cell  potei  i i.ii  , cell  curreni,  .nul 
electrode  coni  igurat  ion  are  now  well  understoid  ,iml  );rowth  coitd  i l i on.s  .tie 
now  reproihieihle.  i.ell  poti'iitial  Is  licM  l■on.'l.llll  lining,  ,iiiv  given  1 mi  , 
•nul  It'll  t iirreiil  and  1 es  i s I anet  lti|low  Oliiii'.'.  law: 

I I K wlie rt.'  K 1 1 1 

A 

ii  - I ( ' 1 r = res  1 s t i v 1 1 s 

A 

I - (ll.staiiee  lit  t wei' 11  e 1 ee  t roiles 
A = f (cathode  .irea,  .mode  are.i) 

It  we  assume  that  t lie  resistivity  ( ol  a solution  I'eniains  const. nil  ihiriiig 
;i  run  (liath  not  run  to  depletitm)  then  we  can  writr 

I'.  = constant 

K - 1 = constani 
id  A 


Figure  1.  LaB,  grown  on  Au  substrate:  lOOX 

D 

Light  area  Au  electrode,  light  grey  haB^ 
crystallites,  and  the  two  phase  dark  grey 
region  the  plastic  sample  mount. 


Tims,  operiilion  ol 


if  it  is  assumed  tli.it  Al  is  small  compared  with  I. 
an  electrolysis  cell  at  constant  poiential  E implie;  operation  at 
constant  cathodic  current  density  I/A.  The  cell  cm  rent  rises  durliiK 
a run  as  deposited  material  increases  the  effective  cathode  area  (A 
increases),  anode  area  being  constant.  This  argument  also  implies  t ha  I 
for  constant  cell  potential  F.  and  a given  initial  cathode  area,  the 
cathode  current  density  used  during  a run  can  be  chosen  by  suitable 

choice  of  anode  area.  If  A^  > A^,  i ban  I > 1 ^ by  I.  = I = consiani. 

I I A 

The  two  growths  shown  on  the  graph  in  Mg.  2 were  identical 
except  lor  a difference  in  anode  area.  1^  represenis  the  initial  cnrrenl. 
as  measured  ton  minutes  after  the  start  of  electro  1 , si s . Tin-  cnrrenl 
rises  rapidly  during  the  first  few  hours  of  a run  a;  crystallites 
nucleated  on  the  smooth  substrate  result  in  a large  percentage  change 
in  cathode  area.  The  current  lises  more  slowlv  during,  the  remainder  ol 
a run  .is  crystal  1 lies  already  luic  le.i  t eil  continue  to  g.row.  Tlu-  dillmeiici' 
ill  1^,  rise  time,  final  current  and  number  of  coiilonihs  p.issed  a,;  seen  in 
Mg.  2,  are  al  trihiil  able  to  the  dlllerent  anode  .dim  used  In  the  two 
experiments . 

Tlie  growth  nieclianl.sm  operating  in  the  i lectrodepos  1 1 Lon  ol  inaleil.il 
like  l.ali^  is  now  understood . ^ ^ hayers  ;ippi  oxiina  i e 1 y I (i  thick  I oriii  at 
pyramid.il  "active  centers"  on  the  ciystal  fan  and  /.row  outward  iu  .ill 
directions  (Fig.  3a,  b,  c).  At  low  to  moderate  current  ilensities, 
these  centers  arc*  located  at  the  interior  of  the  civstal  l.ices.  As  the 
current  density  is  increased  the  ai-iive  ciuiteis  shilt  to  the  corners 
and  edges  of  the  crystal  (Fig.  4).  At  high  current  densities,  corner 
growth  results  in  distorted  cubes  and  finally  dendritic  growths  .iloiig, 
the  [111]  direction  (Fig.  5a,  I.) . Tlie  critic;.l  curreul  density  I or 

the  growth  ol  crystals  ol  ciibt<'  shape  appc;ars  to  be  In  the  region  ol 

2 

in  mA/ciii  . The  optimum  current  dc*nslty  for  ginwlli  M single*  crv;;lals 
.ippe.irs  to  lie  iu  the  region  f i om  Jl)  to  25  inA/ein’.  In  addition,  the 
(•Meets  ol  hath  piirlly  on  the  growth  mechanism  .ire  now  hettc'r  niiderslood. 


I (mA) 


18 


Figure  2.  Current  vs.  time  for  LaB,  growth 

0 

using  different  anodes  of  different  areas. 


a 


'3.  Future  Work 

I lie  prop, ram  has  proven  iruitlul  in  terms  of  demonstrating 

the  influence  of  cell  parameters  on  the  prowth  process.  Future  work 
on  this  material  will  include  seeded  growth,  growth  at  constant  ovei- 
potential  using  the  controlling  reference  eleclrode,  and  a study  ol 
the  effect  of  melt  purity  on  crystal  size  and  (|ualiiy.  The  influence 
of  growth  temperature  and  bath  composition  on  defeci  structure,  mor- 
phology and  deposition  efficiency  will  also  be  investigated.  Electro- 
chemical synthesis  techniques  developed  in  the  course  of  the  l.aH 
program  arc  applicable  to  the  preparation  of  oilu-r  materials.  An 
investigation  of  the  synthesis  of  the  scandium  borides  is  planned  lor 
tlie  next  pluise  ol  the;  program. 
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C . Com  inuou s _([r ow 1 1 1 

K.  DeMm  I oi 

I . I m roduc L j oji 

Tlio  first  year's  aclivities  were  < oncerned  witli  llu'  laelors 
which  influence  che  stability  of  the  K,rowth  inierlaie  durinf-  eleclro- 
c hem ic a 1 crystal  liza  t ion . A s t iid y of  l he  e 1 ee i r o I v I i c row t h of 
copper  from  a potassium  chloride  (K(;i)(4f)  m/o)  - zinc  cltloride  (ZnCI^) 
eutet.tic  melt  containing  5 ni/o  cupric  chloride  indiiateil  tliat  slirrinc 
find  a beneficial  effect  on  deposit  inorpliology  md  d i sL  r i l)ut  i on  . The 
data  was  not  sufficient  to  develop  a quantitative  ri  Iminnship.  A 
second  study  concerned  tfie  el  ectrodeposii  ion  ol  ziin  in  an  ultrasonic 

— 9 

field  from  an  iiqueous  zincate  (ZnO,^  ) solution  (10  w/o  potassium 

hydroxide  (KOI!)  in  water  with  0.1  mole  pt>r  litter  zinc  oxide,  and 

showed  that  nlirasonic  cncrjty  caiis<-(l  a doi  reas.'  in  i hi'  calhodii 

overpoteiU  la  1 wlilcli  in  theory  could  he  a t t r I hu  i cd  !.■  a decrcasi'  In 

hoiiiiflary  layet  thlchneHK  and/oi  (o  an  Increase  In  the  ellcctlvc 

dlfliislou  cool  I 1(  lent  . lioUi  ol  (ho  above  sysfems  piovod  to  lu'  of 

limited  utility  In  a contiimon:.  growtii  program  because  flic  >’,i  owl  li 

liabJt  during  <•  lec t rodeposi  t ion  was  not  wcll-doi  ined 

lo  faciliiato  the  goal  i>f  l)eing  ahU*  lo  coni  innonsly  grt>w  a 

composition  by  the  olectrochem i ca I deposition  piocccs,  a new  sy.'^.tom 

based  on  sodium  lunj-stale  (Na^WO^)  - tungstic  oxid.  (WO.j)  melts  was 

investigated.  I.arge  sodium  tungsten  bronze  single  irystals  (Na  WO 

X i ’ 

^ 1)  with  well-defined  morplioi og ies  can  l)e  prodnci'd  from 

Lliese  melts  at  rclaiively  Itigit  growl  li  rales  in  llie  presence  of  siiilahio 
eli'ctric  potentials.  Tlie  growth  of  sncIi  Na  WO  crvsials  provides  a 
hotter  system  lot  llio  1 tivest  i ga  l i on  of  tlie  limits  ol  inletlaco  slab!  I it  v 
than  the  coppor  oi-  z i tic  system;.,  since  li  is  itiiich  eisier  to  a I lei  Hie 
(pialily  ol  civslahs  whldi  c.ni  he  readily  grown  niuloi  ,i  wiilo  rang.e  ol 
• rind  I t ions , than  ll  Is  lo  Imjirove  the  Interfaii'  stahllltv  In  a •ivslem 
which  is  lar  I mill  yielding,  stable  growth  coiul  i I I on.>; . 

The  major  thrust  ol  the  program  over  the  Mr.|  |ta  I I ol  this  year 
has  been  Iowan'  the  dove  I op, lie  it  I of  an  nndersi  and  i ii;',  ol  and  I he  I eehn  l<|iie 
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fc)r  Czochralski  like  growth  of  N.n  W0_  via  an  e I ectroehemica  1 reaction 

X j 

in  a tungstate  melt  under  an  applied  electric  potenlial. 

2.  Experimental  Results 

(a)  Preliminary  Experiments 

Since  the  sodium  tungsten  bronze  is  formed  1>\  Llie  reaction 
3 Na  WO,  + (1  - WO  t Na  WO.,  + ~ n, 

U is  knowi/'^  th.iL  a growing  iryst.*]  can  be  r.-inell.d  If  ii  comes  In 
contail  with  1 ree  o.xygen  .it  iilg.li  lempcralure.  An  apparatus  di-signed 
to  [uj  1 1 Na^WO.j  I rom  a meJ  t , tiu-reloie,  inlglii  reipiiie  provislon.s  lor 
keeping  tlie  as-grown  bronze  crvsla!  out  ol  contact  with  o.vyp,eii.  A 
.series  of  experiments  to  test  importance  of  tlio  melihack  proliltnii  ami 
ways  to  prevent  it  were  iiiidor t.iken . 

it  was  shown  that  a bronze  crystal  exposed  to  air  at  750°c; 
quickly  melted  back.  In  a flowing  helium  atmo.spherc  tlie  bronze  w;ns 
stable  as  long  as  oxygen  bubbles  generated  at  tlie  anode  did  not  come 
in  contact  with  it.  ihe  oxygen  formed  at  the  anodi'  did,  howevi't, 
float  across  the  melt  .surface  to  the  cathode  where  attack  took  place, 
io  avoid  this  problem,  tlie  anode  was  enclosc'd  in  ;i  '■onipartmcni  t which 
doubled  as  a helium  outlet. 

(b)  A|)|)aratus 

An  ajip.ira  t ns  lor  the  condilneil  Czochra  I jk  I -e  I ec  t rochem  I ca  I 
technUiue  has  been  designed  and  con'it  met  ed , llg,.  1.  Pulling,  Is 
accomplished  using  standard  portable  commercial  crystal  iinlhu'.  In 
its  present  configuration,  thi.s  unit  is  capable  of  pull  rates  I rom 
1 to  6.5  mm/hr.  Rotation  of  the  seed  is  provided  by  a nioLor-gener.itor 
driving  tlirough  a speed  reducer  to  provide  rotation  rates  of  0 to  64 
rpm.  The  crucible  containing  the  melt  is  held  in  a quartz  tube  sealed 
by  a water  cooled  brass  flange.  The  flange  is  provided  with  fittings 
for  both  electrodes  and  introduction  of  an  inert  gas  .itiiiosiiliere , 
including,  ,i  reference  electrode  for  overpoteni  i a I me.isiircmen  1 s , the 


Figure  1.  Diagram  of  the  pulling-rotating  mechanism 
and  the  furnace  and  controller  of  the  Czochralski- 
electrocliemical 


apparatus . 


seed  rod-cathode  on  which  growtii  takes  place,  and  the  compar tmented 
anode.  The  entire  assembly  fits  inside  a resistance  i nrnace  whose 
temperature  is  controlled  by  a three  function  jiropor tional  controller, 
which  senses  the  wall  temperature  of  the  quart/  tube  by  means  of  a 
chromel-alumel  tliermocouple . The  average  axial  temperature  gradient 
for  this  system  is  ri.5°C/cm. 

The  applied  potential  foi  electrodeposil ion  Js  provided  by  a 
power  supply  which  may  be  operated  in  either  a constant  voltage  or  a 
constaiu  current  mode.  Contact  to  the  rotating,  cathode  is  made 
through  a mercury  filled  copper  cup  attached  tn  the  cathode  rod. 
Measurements  of  both  overpotential  and  a[>pl  led  cell  potential  are 
made  with  a voltmeter  and  the  cell  current  is  monittred  by  a cllp~on 
mi  lliamme  ter  . All  the  electrochemi  cal  parameters  aio  also  recordetl. 
See  rig.  2 for  a block  diagram  of  the  ciicuit. 

(c)  Pulling  Experiments 

To  date,  several  crystals  of  Ma  W()„  have  been  pulled.  All  ol 

X 3 

these  have  been  grown  from  a melt  ol  25  ri/o  WO  - 75  m/o  Na.WO,  at 

1 2 a 

750“C  under  a flowing  helium  atmosphere.  These  grov.'ths  were  seeded 
with  crystals  grown  in  melts  ol  the  same  composition  indicated  above. 
The  longest  crystal  produced  by  tlil.c  method  is  in  excess  ol  7 ctii  in 
length.  See  Elg.  J. 

When  growing  In  a stable  maiuier,  i liese  crysi.il.s  exhibit  a 
ci)nstaiit  cross  si-ction.  A modil  I oi  this  behavior  may  lu'  derived  by 
considering  the  volume  of  mateiial  deposited 

t M a 

V = _ - 

n F p 

where  t is  the  efficiency  of  the  electrochemical  pmeess,  M is  the 

molecnlar  weight  of  the  specie,';  deposited,  a is  the  total  charge 

transferred,  n is  the  number  ol  electrons  transferred  (for  Na  W0„ , 

X 3 

n = x)  , F is  Faraday's  constant,  and  p is  the  density  of  the  material. 
The  rate  of  change  of  volume  with  time  is  given  by 

dv/dt  = d,i/dt  = I = i:l 

iil'p  nl'( 
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Figure  3.  Section  of  Na  qW0„  crystal  grown 
at  6.5  nun/hr  at  64  rpm.  Notches  are  due 
to  periods  of  growth  at  reduced  current. 


i 

*3 


where  I is  the  total  current.  Volume  may  also  be  o>, pressed  as 


V = Ay 

where  A is  an  area  and  y is  a distance  in  the  direct  ion  of  pulling. 

The  rati:  of  change  of  volume  is 

dv/dt  = yda/dt  + Ady/dt. 

But  at  equilibrium,  A is  constant  (da/dt  = 0),  thus 

dv/dt  = Ady/dt  = KI. 

In  Na^WO^  in  the  cubic  phase  growing  along  the  [111|,  the  Interface  is 
a trigonal  pyramid  the  total  area  of  which  is 

A = 3 d^/4 

where  d is  the  distance  across  one  of  the  crystal  facets.  Thus 

, , _KL  ^ 

’ ( .75  dy/dl 

wlicre  dy/dt  l.s  tlie  imlJ  rate.  I'hl.s  model  predicts  i hat  changing  total 
current  and  pull  rate  in  the  .same  manner  (i.e,,  doubling  both)  should 
leave  the  crystal  cross  section  unchanged.  In  F'lg.  h,  a crystal  l.s 
shown  which  demonstrates  that  con.st.ant  cross  si.’ctiou  can  be  maintalneil 
by  appropriate  simultaneous  changes  in  current  and  pull  rate.  The 
model  further  predicts  that  increasing  the  tol.il  current  at  a fixed 
pull  rate  will  increase  the  cross  section  and  Lucre. using  the  pull  rate 
at  a fixed  total  current  will  decrease  the  cross  section.  An  example 
of  the  former  type  of  behavior  is  seen  in  Fig.  5,  while  the  notches  in 
Fig,  3 are  an  example  of  .he  l.itter  type  of  bidiavior. 

Crystals  grown  by  the  above  procedure  .show  a strong  preterence 
for  growth  .along  the  [111],  Therefore,  In  mo:  t experiments,  filJ| 
oriented  seeds  were  utilized.  fn  one  growth  using  i seed  oriented  on 
the  [211],  the  houle  axis  grew  off  the  seed  .i:  Is  and  growth  was  foiiod 
to  be  In  the  (lll|  direction.  (Irowth  on  othei  .sec'd  orientations  havi' 
not  ye I been  attempted. 


Fipure  4.  Example  of  Na  qWO-  crystal  grown  from 

. 0 J 

25  m/o  WO^  - Na^WO^  at  750°C.  Starting  at 
4.4  cm; 

a)  first  5.5  mm  Current  (1)  = 7.5  ma, 

Pull  rate  (P)  = 1 mm/hr. 

b)  next  48.5  mm  1 = 15  ma,  P - 1.95  mm/hr 

c)  next  14.7  mm  1 = 22.5  ma,  P = 2.95  mm/hr 

d)  last  5 mm  1 = 37.5  ma,  P = 5.1  mm/hr 

Branching  indicates  that  upper  limit  of  stable 
growth  has  been  reached.  Rotation  rate  = 17.25  rpm. 


Figure  5.  Example  of  a Na  qW0~  crystal  grown  at 

• O J 

a constant  pull  rate  (1  mm/hr)  with  a current 
increase.  Rotation  rate  = 17.25  rpm. 

a)  Current  (I)  = 7.6  ma.  Time  (t)  = 20  hrs 

b)  1 = 15  ma,  t = 23  hrs 
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(d)  Rotation  Experiments 

As  has  been  outlined  in  a previous  report  rotation  ol  il,e 

growing  i-rystaJ  should  produce  bcnelicial  elle.-ts.  In  the  case  ol 

Czochralski-electroohemical  grewtii,  th-'s  should  translate  to  higher 
pull  rates.  Preliminary  experiment. s indicated  that  this  was  the  mse 
with  the  maximum  allowable  growth  rate  before  onset  ol  interface 
UKstability  increasing  from  a maximum  of  3.25  mm/hi  at  lb  r])m  to  In 
excess  of  6.5  nm,/hr  at  66  rpm.  For  norm.ij  Czochra  1 ,sk  i growth  ol 
oxide  materials  a r.mge  of  maximum  stable  pull  rate,  I rom  2 mm/hr 
(Y2Al3t),2.)  to  10  mm/hr  (ZnWO^,  CaWO^^ , ^nd  UTaO.j)  Ims  been  oh.se , ved  . ' * ^ 
A turther  series  of  exp.-r  iracnts  to  quant  ily  , he  maximnm  |>n  I I 
rate  versus  rotation  rate  relationship  is  In  irogress.  This  series 
ot  experiments  will  also  investigate  the  relationships  between  ovei - 
potential,  current  density  and  rotai ion  rate. 

3.  Fn tu£^e  Pl_ajT^s 


In  addition  to  the  .seed  rotation  experiments  now  in  p rog,  risss , 
the  (Meets  ot  .stirring,  applied  ac  potential.'  and  alirasonic  energ.v 
on  interlace  imnplielogy  .and  gr.wlh  .ate  will  he  i ii  v.  s i i gat  ed  al.nig 
with  studies  on  the  influences  ol  temperature,  hr.  | I eomposition,  ;i,ul 
convective  I low  on  growth  parameters.  Meet,  leal  nieasnren.en t techniques 
will  he  developed  to  permit  tin  accurate  contiol  ol  ervsial  size, 
quality,  and  growth  rate.  Other  experiments  | lanned  Include  control 

of  e-rystal  shape,  giowth  by  cut  rol  I ing  overpetent  l.t  I and  eoni  in, 

growth  of  material  of  the  hall,^  typ..,  which  ate  repre.sental  I ve  ol 
growth  I rom  .solntion.s  with  low  solmc*  content. 


A poteutinily  important  application  ot  molten  salt  olectro- 
.•hemistry  is  in  the  area  of  epit.axlal  growth.  The  inngste.i  bronzes 
will  allow  the  .'xploratiems  ol  both  homo-  and  l.eter  , epitaxial  le.lmi.pies 
sirii-e  the  hrnn/.e  Lattiee  paraim  te-r  changes  wilh  compo.s  i t i on . 
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